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PREFACE

ABSTRACT
The work in this thesis concentrated on the processing of high temperature
superconducting Bi-2223/Ag (Ag-alloy) tapes. A number of critical issues have been
investigated. These include Bi-2223 phase formation kinetics and thermodynamics,
microstructure, electromagnetic properties and current limiting mechanism.
An investigation into the effect of the phase composition of the precursor powder
on the Bi-2223 phase formation showed that tapes made from a precursor powder

containing 72.5% Pb in Bi-2212 phase have the highest Jc and the shortest sintering ti
A study of the relationship between filamentary homogeneity and observed
current distribution in multifilamentary tapes was carried out using magneto-optical
image analysis and current transport measurements. The results show that the

microstructure homogeneity in multifilamentary PIT tapes is strongly dependent on the
aspect ratio of the tape, and on the deformation procedure used during processing.
An optimised rolling procedure that gradually increased the reduction rate perpass during rolling has been developed. Using this technique, a uniform stress was

achieved within the tapes, which improved both the transverse and longitudinal filame
interfacial homogeneity and reduced the sausaging effect.
The mechanism and development of grain-growth texture of Bi-2212 and the
corresponding inheritance of texture by Bi-2223 in Ag-sheathed tapes has been
investigated. It was found that the sliding of precursor powder crystallites was the
of Bi-2212 texturing during the cold-work deformation. Bi-2212 formed via a rapid

melting process yielded a highly-aligned melt-textured microstructure during subseque
heat treatment. Bi-2223 was found to form from the Bi-2212 plates, with the Bi-2223
texture being inherited from the Bi-2212 texture.

vm
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A n e w intermediate quenching process was found to reduce the heat treatment

time of Bi-2223/Ag tapes. In this process, the tape was quenched at the end of the fi

thermal cycle, and then pressed (or rolled) and heated rapidly to the original sinter
temperature. In so doing, any unnecessary decomposition and recovery of Bi-2223
during cooling and heating was eliminated. Jc and the volume fraction of Bi-2223 for

tapes heat-treated for a total 20 to 30 hrs using this technique were comparable with
those treated using the normal process for 100 hrs.
The phase transformation and any residual liquid conversion during the final heat
treatment of Bi-2223/Ag tapes have been investigated. It was found that the phase
stability range of Bi-2223 existed between 823°C~832°C. At higher temperatures, the

equilibrium shifts to the form of liquid and other secondary phases. Below this range

any residual liquid phase was found to transform into Bi-2212 (major), and below 810°
Bi-2223 begun to decompose into Bi(Pb)-3221. Residual liquid phase is preserved as
"frozen liquid strips" on fast cooling from annealing temperature above the Bi-2223
stability range. Also on slow cooling below 810°C, Bi-2223 would decompose into
Bi(Pb)-3221 phase. This model is suggests a micro current limiting mechanism, in
which, the residual "frozen liquid strips" becomes a barrier of transport current.
Mono and multifilamentary tapes with pure Ag and AgCuo.02, Ag(AgCuo.o2),

AgAlo.25, Ag(AgAl0.25), AgNio.25Mgo.25, AgTio.25Mgo.25, and AgTio.25 sheathed alloys,
have been fabricated. The physical and chemical properties were investigated and the
effect on Bi-2223 phase formation determined. The alloys were found to have a
significant effect on Bi-2223 phase formation and this was apparently linked to the

alloying element's reactivity to oxygen in the following sequence Cu < Ni < Al < Mg <

PREFACE
Ti. Multifilamentary tapes, composed of an inner A g sheath and an outer A g alloy
sheath, showed no such effects.
A new design of multifilamentary tapes was developed by packing powder and
composite wires into a silver tube (PWIT) during the second stage of the powder-in-

tube process to form a PWIT tape. The final Jc and bend strain tolerance for PWIT tap
with high filling factor were significantly improved when compared to normal
multifilamentary tapes. The enhancement of both Jc and the bend strain tolerance was
attributed to the increased interface area between the sheath and superconductor.
A hot-pressing technique was used to prepare Ag-sheathed Bi-2223

multifilamentary tapes. The self-field Jc after hot-pressing was significantly enhanc
The maximum increase was more than double that found before. Hot pressing was found
to raise the JC(B = 0) from 22,000 A/cm2 (Ic= 18 A) to 56,800 A/cm2 (IC=36.5A) for an
81-filament tape and from 26,000A/cm2 (Ic = 36.2 A) to 56,000 A/cm2 (Ic= 56.6 A) for

an 19-filament tape. But the Jc in an applied magnetic field was not improved by hotpressing. Microstructural analysis showed that hot-pressing chiefly improved grain
connectivity, increased the core density and reduced secondary phase impurities.
The effect of a controlled intermediate quenching technique on the microstructure
and critical current density in 69-filament Bi-2223/Ag tapes was also investigated.
found that in the final tape, the impurity particle size was much smaller and the
percentage of impurity phases lower than in tapes processed using an intermediate
normal cooling technique. The highest observed Jcis 63,000 A/cm .
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CHAPTER 1.1: SUPERCONDUCTIVITY HISTORY AND FUNDAMENTAL THEORY

Chapter 1.1

Superconductivity: History and Fundamental Theory

Superconductivity is a fascinating and challenging field. Scientists and engineers
throughout the world have been endeavouring to develop an understanding of this
remarkable phenomenon for many years.
In 1911, Professor H.K. Onnes at the University of Leiden began to investigate the
electrical properties of metals at extremely cold temperatures and first observed
superconductivity [1]. He found that the electrical resistivity of mercury suddenly
dropped to zero when the sample was cooled below 4.2K, the boiling point of liquid
helium. Onnes termed this phenomenon superconductivity. In the years to follow, many

other materials were found to exhibit superconductivity at very low temperatures. The

temperature at which the transition from the normal to the superconducting state occu

is called the transition temperature or critical temperature, (TQ). Onnes also discov
that a sufficiently strong magnetic field restored the resistivity in a sample which

previously exhibited superconductivity; and so does a sufficiently strong electric cur
The magnetic field at which a superconductor reverts from the superconducting to the

normal state is termed the critical magnetic field (He). Similarly, the maximum value

current per unit cross-sectional area that the superconductor can carry, without reve
to the normal state, is defined as the critical current density, (J^.
In superconductors, Hc and Tc, are intrinsic properties, whereas Jc is dependent upon
extrinsic properties.
In 1933, Meissner and Ochsenfeld [2] discovered that, a superconductor expels the
magnetic field from its interior. This is another intrinsic characteristic property,
2
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called the Meissner Ochsenfeld effect (or simply the Meissner effect). It is the definitive
test for the superconducting state. Due to the Meissner effect, an external magnetic

superconductors develop surface currents which give rise to magnetic fields that exac

cancel the external field. The thickness of the region of the sample through which th
surface currents flow is called the penetration depth (X) of the magnetic field.
Theoretical developments on superconductivity have evolved simultaneously with

the experimental advances. In 1934, following the discovery of the Meissner effect, F
and H. London [3] used ideas based on the two-fluid model (i.e., the electrons in a

superconductor are divided into two classes, superconducting electrons and normal sta

electrons). They established that the flux density decreases exponentially within the

surface layer and essentially disappears at a point much greater than X which account
for the Meissner effect.
In 1957, Bardeen, Cooper and Schrieffer [5] proposed a theory of

superconductivity that is usually referred as the BCS theory. The basis of the theory

the interaction of the conduction electrons with phonons of the crystal lattice. Usua
electrons repel each other by the Coulomb force, but in the special case of a

superconductor at a sufficiently low temperature, there is a net attraction between t

electrons to form the so-called Cooper pairs. As a result of such attractive interac
'condensed state" of highly correlated pairs of conduction electrons is formed below
In the highly correlated coherent superconducting state the distance between two
electrons of the Cooper pair is referred to us the coherence length (1%). All Cooper

move in a single coherent motion. As such, a local perturbation, like an impurity, ca

scatter an individual pair. Once this collective, highly coordinated state of coheren
'super-electrons' is set in motion, it flows without any dissipation. The BCS theory

— —
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been successful in explaining essentially all of the phenomena associated with the

superconducting state including, specific heat, critical field, tunnelling and othe

addition, predictions by the theory have stimulated exploratory experimental studies
which have resulted in uncovering new phenomena associated with the superconducting
state.
Abrikosov [6] studied the behaviour of superconductors in an external magnetic

field and discovered that superconducting materials can be separated into two types:
type-I and type-II superconductors. Superconducting materials that completely expel

magnetic flux until they become normal are called type-I superconductors (They are a

called 'soft' or 'pure' superconductors). With the exception of vanadium and niobium

all superconducting elements and most of their alloys are type-I superconductors. Th
strength of the applied magnetic field required to completely destroy the perfect

diamagnetic state in the interior of a type-I superconductor s is called the thermo

critical field (Bc). For a type-II superconductor, there are two critical fields, t

(BCi) and the upper (Bci)- The magnetic flux is completely expelled only up to BCi, s
applied fields smaller than BCi, the type-II superconductor behaves like a type-I
superconductor below Bc. As the field is increased above Bci the flux partially

penetrates into the material until the BC2, is reached. Above BC2, the flux fully p
the structure and the materials return to the normal state.
In 1986, Georg Bednorz and Alex Muller [8], working at IBM in Zurich,

Switzerland, were experimenting with a particular class of metal oxide ceramics call
perovskites. Bednorz and Muller surveyed hundreds of different oxide compounds.
Working with ceramics of lanthanum, barium, copper, and oxygen they found
indications of superconductivity at 35 K, a startling 12 K above the old record for

4
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superconductor. The discovery of "high temperature" superconductivity resulted in

expansion of the study of superconductors from a handful of laboratories to hundr

laboratories world-wide. The discovery of superconductivity above 77 K (the boilin
point of liquid nitrogen) in compounds of Y-Ba-Cu-0 [9] gave new hope for the
economical and widespread application of superconductivity.
The early widespread excitement of 1987-1988 was soon tempered when it was

realised that although single crystals of compounds such as Y-Ba-Cu-0 had very hig

critical current densities and strong flux pinning, they were not useful in polyc

forms, such as wires or tapes. This was because supercurrent cannot effectively c
boundaries between grains which are misaligned by more than ~ 10°, making most of

grains in a random poly crystal "weakly linked" [10]. The discovery of the Bi-Sr-

O (BSCCO) compounds in 1988 [11] made it possible to consider useful polycrystalli
forms of high Tc material, as weak links seemed less of a problem in BSCCO. There
three superconducting phases in the BSCCO system, Bi2Sr2Cu,Ox ("Bi-2201"),
Bi2Sr2Ca,Cu20x ("Bi-2212") and Bi2Sr2Ca2Cu3Ox ("Bi-2223"). The three phases differ

mainly by the number of Cu-0 layers that rest between the Bi-0 layers which cap th
unit cell. Presently, the most promising of the BSCCO compounds for long length

conductor manufacture is Bi-2223, which is the BSCCO phase with the highest Tc, at

11 OK. These materials have micaceous crystal structures, and their grains can be
aligned by careful thermomechanical processing.
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Chapter 1.2
Bi-based High Temperature Superconducting
Materials

1.2.1. Crystal Structure of Bi-based Superconductor

There are some common characteristics in the crystal structures of BSCCO
superconducting oxides. Thefirstis that there are number of component elements (at
least 4) in the Bi-compound. The second is that the crystal structures are of a n e w type,
and are rather complicated, but, there is a c o m m o n structural element that is the C u 0 2
planes, in which the superconducting

current flows. Sandwiching the C u 0 2

planes,additional atomic planes also play an important role by accommodating additional
oxygen atoms (or defects) which provide charge carriers (positive holes in the case of
Bi-based superconductors) to the C u 0 2 planes. These planes are called the charge
reservoirs. The T c , strongly depends on the charge reservoirs and the number of C u 0 2
planes. The third characteristic structural feature is that high T c superconductors often
include various kinds of lattice imperfections and impurity phases, which are
nonsuperconducting. These constitute a variety of microstructure which strongly affect
Jc, because they closely relate to the weak links at boundaries in and between
superconductors grains. They can also be positive to pin, as they can be used of magnetic
flux. The analysis of B S C C O crystal and microstructure is important, not only for
understanding the properties of high T c superconductors, but also for finding guidance
on exploring n e w materials.
Bi-based superconductors are generally formulated as Bi2Sr2Can.iCun02n+4+xThere are three k n o w n phases. Bi 2 Sr 2 Cu06 + x, Bi-2201, Tc < 2 0 K [1,2], Bi 2 Sr 2 CaCu20 8 + x

• —
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(n = 2, Bi-2212, Tc=85K) [3], and Bi2Sr2Ca2Cu30io+x.(n = 3, Bi-2223, Tc=110K) [3].
These phases can be synthesised by a conventional solid state sintering methods.
Thermogravimetry and chemical analysis show that extra oxygen exists within the

structure, when x > 0 [4,5]. These homologous phases often occurs intergrowth with
each other. In other words, it is difficult to prepare any of these as a complete
monophase. This is especially the case for Bi-2223.
All the three structures have in common the conduction layer and charge

reservoir layers, which differences among them being the number of Cu02 planes. Th

lattice parameters of the fundamental unit cells, determined by X-ray diffraction,
follows [8,10,11]:

a = 5.383 A, b = 5.376 A, and c = 24.38 AforBi-2201;
a = 5.395 A, b = 5.390 A, and c = 30.65 A for Bi-2212;
a = b = 5.4 A, and c = 37 A for Bi-2223;

The lattice parameter values change slightly depending on cationic substitution,
which occurs widely in any of these phases.
A variety of modulated structures exist in Bi-based superconductors, clear from
high-resolution Transmission Electron Microscope (TEM) images [8, 10, 11].

Investigation of the origin of these modulated structures [9] indicate that the Cu

in the Cu02 plane is strong, but the length is sensitive to the concentration of ho

plane. When holes are injected in the Cu02 planes, the compressive stress is reliev

the other hand, oxygen is introduced into the BiO planes to relieve the tensile st

modulated structure is then formed. Therefore, we may say that the present modulat
structure originates from the presence of extra oxygen.
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The chemical stability of the Bi-based superconductor phases strongly depends
on the structural compatibility between the component layers in the crystal, which in
turn is related to the presence of extra oxygen in the BiO planes. When the number of
Cu02 planes increases, the shrinkage of the conduction block must become difficult in
that the carriers provided are limited in number. This may be a reason for only the
phases of n < 3 being synthesised by the conventional sintering method.
Chemical compositions of the Bi-based superconductors generally differ from the
ideal stoichiometry. This is related to two factors, mutual mixing or replacement
between constituent cations, and the intergrowth of phases with different n values.
Many defects, such as twinning, intergrowths, stacking faults, surface

undulations and grain boundaries etc., have been observed and characterised in Bi-base
superconductors. The twin possibly contributes to relieve the stress caused by the

formation of structural modulations. The intergrowth is observed quite frequently in t

matrix of the Bi-2223, in particular. According to numerous observations [10], there i

no regularity in the sequence of intergrowth phases. Moreover, the structural modulati
occurs in each lamellae with almost identical wavelengths. These are due to the facts

adjoining lamellae can easily hold the (BiO)2 planes in common at the interface and th

lattices at both sides of interface can fit to each other because the parameters of d

phases are almost equal. The intergrowth is a typical type of stacking fault of layers

reason for the frequent occurrence of intergrowth reflects that the energy of the sta

fault is low. The surface undulation is mainly due to the stress from the perovskife-t
layer rather than from the mismatch between the BiO planes. As is true in the case of

other properties, the defect structure is likely to have significantly influence on th

9
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transport properties. S o m e of them m a y be potential pinning centres for magnetic flux.
The details of these pinning mechanism will be discussed in later chapters.
All Bi-based superconducting grains (n = 1-3) grow in a platelike form. Plates of

the Bi-2223 are thinner than a submicron and the lateral size is larger than severa

microns. This must be due to the crystal having a large anisotropy in chemical bond

The doping of Pb substantially enhances the formation rate of Bi-based superconduct

especially for the Bi-2223 [12]. The value of Tc depends only slightly on the dopin

level [13]. Pb2+ has a large ionic radius (1.2 A) as compared to that of Bi3+. Theref

the substitution for the Bi3+ by the Pb2+ contributes to relieving the internal stress
crystal structure. This is one of the reasons for the enhancement of the formation
Another reason is that the temperature range for partial melting becomes lower and

wider [14, 15]. The Bi-2223 is considered to grow as the result of a reaction betwe
Bi-2212 and melting impurity phases like Ca2Pb04 and Ca2Cu03. The reaction is
accelerated because the diffusion in the melt is fast.

1.2.2 Phase equilibrium in the Bi-based oxide ceramic system
Great effort has been put into the processing of the complex oxide system to
optimise the superconducting properties (Tc, Jc, Hc). Numerous articles have been

published on the phase equilibrium, the preparation of suitable bulk samples, wires
tapes, and thin and thick films with emphasis on optimising the amount of

superconducting phase in multiphase samples, their microstructure, texture, impurit
phase, and chemical composition of the superconducting compounds with respect to

anions and cations. From recent knowledge of the phase equilibrium in the quaternar
Bi203-SrO-CaO-CuO system, it is evident that Bi-2212 can be detected easily because
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is thermodynamically stable over a wide temperature range and in the presence of most
of the compounds existing in this system. In contrast, Bi-2223 is stable within a narrow
temperature range and exhibits phase equilibrium with only a few compounds existing in
the system. T h e fact that Bi-2223 was detected in multiphase samples is due to its
pronounced signal in resistivity and A C susceptibility measurements even for small
concentrations [16, 17]. For a constant oxygen partial pressure (air), the phase diagram
comprising five elements, or four components (oxides), is given by an equilateral
tetrahedron. T h e edges represent isothermal sections through the four ternary systems.
The substitution of Bi by Pb obviously supports the crystallisation of Bi-2223
[24, 25] and, in addition, P b doping shifts the phase stability to lower temperatures
(unleaded Bi-2223: 840-890°C; Pb-doped Bi-2223: 830-880°C [26]). The nature of P b O
substitution o n the crystallisation of the Bi-2223 has not yet been clarified. The Bi
content of Bi-2223 is a function of the Pb content, which gives an evidence that Pb
occupies the lattice site of Bi in the Bi-2212 and Bi-2223. The investigations of the Pb
solubility of the Bi-2223 show that the single-phase region of the Bi-2223 within the
Bi 2 0 3 -SrO-CaO-CuO system is an unregularly shaped area which is characterised by a
decreasing P b content with increasing temperature [27].
It should be emphasised that Bi-2223 is surrounded by other areas of phase
stability, equally irregular in shape. A small deficiency of C u O and/or B i 2 0 3 during the
preparation of Bi-2223 results in a pronounced decrease of the volume content of the
phase. O n the other hand, an excess of B i 2 0 3 and C u O results in the formation of the Bi2223 along with C u O and liquid, which is k n o w n to support the crystallisation of the Bi2223 [16].
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It can be shown that Tc of Bi-2212 varies between about 60K and 94K and

clearly depends on the chemical composition of the phase. Tc is a function of the O,
and Bi content and decreases with increasing Ca and Bi content [17, 18, 19]. This
a question of whether Tc is controlled exclusively by the oxygen content or also by

cation concentration of the phase, which of course, influences the oxygen content o
phase. The Pb doped Bi-2212 has a Tc up to about 98K. The Tc of the Bi-2223 appears

slightly to decrease with increasing O, Bi, and Ca content of the phase [20, 21, 22,

but not to depend on the Pb content of the phase [27]. The oxygen content of the Bi-

2223 is a function of synthesis temperature, the oxygen partial pressure, and of the
cation concentration of the phase. The influence of the oxygen content on the Tc of

phase has not yet been studied in detail [29]. However, this aspect is of basic as

technological interest because the Bi-2223 is mostly considered for the preparatio
high-Tc superconducting wires and tapes.
Most previous work is in agreement that partial melting (at nearly 825°C) is of

crucial importance to the formation of Pb-substituted Bi-2223, and that the formatio
takes a long time because of slow kinetics. On the basis of a systematic study of

identifying almost all the phases formed in Pb-Bi-Sr-Ca-Cu-0 system [30]. Takada e

[31] have studied the wettability of the liquid for Bi-2201, Bi-2212, and Bi-2223 an

suggested that a reaction with the liquid converts the Bi-2212 into the Bi-2223. The
designed an important experiment that a mixture of Bi-2201 and Ca2Pb04 (in 7:3) was

put on pellets of the Bi-2201, Bi-2212, and Bi-2223 and then heated at 825°C for 1 h

and found that the Bi-2223 was hardly wetted by liquid, whereas both the Bi-2201 and
Bi-2212 pellets were wetted immediately.
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The easy cleavage of the Bi-based superconductors by mechanical forces is an
important feature. A typical morphological change of Bi-2223 crystals caused by
pinches thrust into a sintered area, the crystals are very easily and very seriously
deformed. According to microscopic observations, crystals can be crushed in a standard
mortar by manpower into unbelievably fine powder, even to thickness of half-unit along
the c-axis [17,18]. The easy cleavage results from the existence of very weekly bound
Bi-0 double layers. Recently, the presence of such superfine powder has been found to

have remarkable effects not only on sintering and reformation of large particles but a
on the superconducting properties [16-20].
The Bi-2212 and Bi-2223 are very attractive materials for practical applications,

but there are still many problems which are vitally important to us: to further clarif
composition and structural features in relation to the superconducting properties, to

understand the formation mechanism, and to clarify other kinds of inherent features suc
as thermal and mechanical behaviours. We have encountered many difficulties caused
by the presence of multiple phases which also have complex compositions, the
occurrence of some liquid phases at relatively low temperatures, especially in systems
containing Pb, and segregation of precipitates on annealing the Pb-substituted
superconducting phases in oxidising atmospheres. It is, therefore, still necessary for
continue to gather a lot of information on various phases and their relationship or
equilibrium.

1.2.3. Superconductivity of Bi-based high Tc materials
Because high Tc superconductors give a zero resistance above liquid nitrogen

boiling temperature 77K and have high HC2 (~200 T), it is possible to use these material
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for a superconducting magnet which may be applied to magnetically levitated train and
nuclear fusion, energy storage, flux transformer etc. For the electronic application,
Josephson effects have also been observed for high Tc superconducting junctions, the
HTS can be applied to a microprocessor, superconducting quantum interference devices
(SQUID) etc..
Bi-based conductors have higher Jc values than Nb-Ti or Nb3Sn conductor in
high magnetic fields. Bi-based superconductors all are type II superconductors. The

critical current density Jc of a Bi-2223/Ag tape, for example, can be limited by either
intrinsic or extrinsic factors. Although the absolute upper limit is determined by the
depairing current density, which is ~10 A/cm2 for Bi-2223 at 77 K [33], the practical

intrinsic Jc limitation of a conductor is determined by the flux pinning strength. Ext

limitations such as filament sausaging [34, 35, 36], porosity, second phase impurities,
cracks, or other inhomogeneities or defects can further reduce the Jc of a conductor.
While there can be a clear distinction between an intrinsically or extrinsically

(inhomogeneity) limited Jc for conventional low Tc superconductors like Nb-Ti, for high

Tc Bi-2223 tapes it is not so obvious where to make this division. As it is essentially

impossible to avoid defects like misaligned grains, second phase impurities, pores, and

cracks in Bi-2223 tapes, these could also be considered limitations intrinsic to BSCCO-

Bi-2223. In reality, the Jc of Bi-2223 tapes is controlled by a hierarchy of mechanisms
[37], the determination of which has been a major part of this thesis work. Although

detailed discussions and reviews of the literature are given later, the points are firs
briefly summarized here to set the stage for what follows. As alluded to earlier, the

motion of fluxoids plays a key role in determining the useful operating regime for high

Tc superconductors. This is especially true at high temperatures, where it is more dif
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to pin flux, as the thermal energy causes the fluxoid lattice to change from a "glassy"
state to one where fluxoids can "creep" or "flow", and the interaction between fluxoids
is decreased [38]. Flux creep at high temperatures imposes a significant additional

transition line within the superconducting phase field, known as the irreversibility fi
H*, which is considerably lower than HC2- Above the irreversibility field, the fluxoids

move easily and reversibly with changes in field, and therefore the sample as a whole no
longer exhibits zero resistance.
As discussed by Tinkham [39], the reason H* is significantly lower than Hc2 for
BSCCO superconductors (although H* is slightly lower than Hc2 for low Tc conductors

as well, the difference is often not detectable) is because of the great anisotropy of t

penetration depth and coherence length along the a- and 6-directions of the crystal (i.e

in the Cu-0 planes) and the c-direction. For Bi-2223, the anisotropy factor is estimated
to be ~ 20,000. Assuming the material acts as a three dimensional superconductor (i.e.
strong coupling between the individual superconducting layers, which is not necessarily

a good approximation for BSCCO), the value of the irreversibility field H* as a fraction

of Hc2 is approximately Hc]. Because of the high value of the anisotropy factor g, H* wil
be significantly lower than Ha for BSCCO, especially at high temperatures.
Flux pinning may not be the primary Jc limitation in Bi-2223 tapes, even at 77 K,
and especially in low magnetic field. As will be shown later, Bi-2223 tapes typically
have H* (||c) values greater than 0.1 T. At fields well below this, e.g. zero field (in
thesis the expression "zero field" will be understood to mean zero applied field, and
includes any self field generated by the sample), Jc may well be limited by the
connections between the grains. However, unlike the case for a flux pinning limited Jc,

quantification of connectivity effects is quite difficult. Whereas changes in flux pinn

C H A P T E R 1.2: BI-BASED HIGH TEMPERATURE SUPERCONDUCTING MATERIAL

cause changes in the intragranular (true) Jc, connectivity changes may most si
influence the effective superconducting cross section area, which may be very
the total cross section, A, for a well connected sample, or only a very small

in a poorly connected sample. Thus, when a macroscopic Jc is defined as Ic/A, w

any knowledge of the connectivity it is difficult to know if the "true" Jc of t

changing, or just the effective superconducting cross section area, or both. Th

intergranular connectivity of a Bi-2223 tape can be fixed by any of several ty

defects, or by combinations of defects, which include microcracks, porosity, an
impurity phases.
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Chapter 1.3
Ag-sheathed Bi-2223 Superconducting Tapes and
Their Applications
Ag-sheathed Bi-2223 tapes are most commonly made using the "powder-in-tube"
(PIT) technique. The process involvesfillinga A g tube with B S C C O precursor powder,
drawing it into a wire, and finally rolling the wire into a tape. The PIT process can be
usefully scaled-up for industrial applications. In this chapter, recent advances in the PIT
process and the problems which remain will be reviewed.

1.3.1. Precursor powder
A m o n g the factors affecting thefinalproperties of Bi-2223/Ag PIT tapes, the
precursor powder production is thefirstand perhaps the most crucial step. Due to the
complexity of phase composition in the Bi-based system, the mechanisms of texture and
phase formation are still unclear. But it is commonly believed that the precursor powder
is a key parameter for Bi-2223 formation and texture. Recently, several possible
mechanisms for texture and phase formation have been reported [1-16], which will be
discussed in chapters 2.1, 3.1 and 3.5. The liquid phase during Bi-2223 formation leads
to better connectivity of the grains, and this m a y increase Jc. There is evidence which
indicates that beginning with partially-reacted powder can lead to higher Jc values than
those beginning with fully-reacted powder (mostly Bi-2223). The amount of liquid phase
generated depends on the phase composition of the precursor powder.
Nearly all the conventional techniques used for powder processing have been
used in preparation of H T S powders, and will be discussed in Chapter 2.1. The two most
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popular methods used are solid reaction and thermal spray-drying. The general
requirements for HTS powder include: homogeneity in chemical and phase
compositions; very fine particle size; high reactivity; free carbon contamination.

1.3.2. Configuration design
There are two important parameters in configuration design, which determine the
final performance of the Bi-2223/Ag tapes. These are the filling factor and the

Ag/superconductor interface area, which will be discussed in Chapter 3.9 in detail. I
desirable to produce tapes with a high filling factor and a large interface area for
practical applications.
The precursor powder can be conveniently packed into Ag tubes with packing
fractions ranging from ~ 20% to about 70% of the Bi-2223 theoretical density (6.3
g/cm2). A low packing fraction of ~ 25% can be obtained via an iterative process of
pouring a small amount of powder into a tube, and then hand packing the powder with a
rod. This iterative process ensures a uniform density along the billet length. Higher
powder compact densities can be achieved by using cold isostatic pressing (CIP).
First, a clean rubber tube is filled with powder and seeled with a rubber plug. The

CIP tube and powder are kept in a cylindrical shape during the CIP process, or the CIP
bulk is deformed as a cylindrical shape after the CIP process. A typical CIP pressure
about 2 GPa, which results in packing density of > 90%. After CIP, the cylindrically

shaped bulk is inserted into a tube. The initial powder packing method/density plays a

important role in determining the final Ag/superconductor (Ag:SC) ratio of a composit
As the powders never achieve full density, it is a common practice to use the term

"Ag:SC" ratio. From an engineering point-of-view, a ratio of Ag:SC < 1:1 is desirable;
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however, to facilitate easy drawing of PIT composites, a minimum ratio of Ag:SC of ~
2:1 is required. Such a Ag:SC ratio can be achieved by either loosely packing a very

wall tube, or by loading a somewhat thicker wall tube with a CIP rod. When a composit

is drawn, a loosely packed powder is compacted, decreasing its cross section relativ

that of the Ag tube, thus increasing the apparent Ag:SC ratio. As CIP powder densifie
less upon drawing, one can start with a Ag tube that is close to the desired Ag:SC.
Another method to increase packing powder density is to use hot isostatic
pressing (HIP) process. The HIP processing is similar to CIP, but the packing powder

Ag tube is seeded under vacuum in a glass. HIP pressure is about 2 GPa at 800°C, whic
results in packing densities of > 98%. Special attention must be paid to the phase
transformation of powder at high temperature and in vacuum, (which atmosphere to be

beneficial for Bi-2223 formation during later thermo-mechanical processing). The ini

packing density of PIT wires plays a significant role in determining the final Ag:SC
The final conductor shape designs can be of several types, with the basic type

having a rectangular cross section. Alternative designs include multilayer tapes, sq
shape and various multifilamentary architectures. In this thesis, I report on the
development of a new powder/wire-in-tube (PWIT) tape, which will be discussed in

Chapter 3.9. These types are suitable for improve the critical current density, redu
AC loss and improve the mechanical properties of the final tape.
In recent years, the mechanical strength and the AC losses of reduced Ag-alloy
sheathed PIT tapes have been improved. Pure Ag is chemically compatible with Bi-2223

(actually, it helps to form and stabilise the Bi-2223, as will be discussed in Chapt

Furthermore, oxygen can diffuse through it very quickly [18, 19]. Although the stren
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of cold worked pure A g is usually sufficient to withstand the forces involved in PIT
composite fabrication, Ag becomes very soft after the Bi-2223 formation heat
treatments, which are typically performed at ~ 825°C and are hundreds of hours long.
Although this is usually not important for laboratory experiments like most of those

described in this thesis, the low strength is an issue for industrial applications suc
cables and magnets. One way to increase the strength of the sheath is to use metal Ag
alloys such as Ag-Au [20, 21]. However, although such alloys are harder than pure Ag,
once the tapes are heat-treated, their strengthening benefit is mostly lost. A more
effective way to increase the post-heat treatment strength is to use oxide dispersion
strengthened Ag alloys. As oxygen can diffuse through Ag, the oxide particles are
usually formed during heat treatment in an oxygen-rich atmosphere. Many different
oxide-forming alloying elements have been studied in the literature, including Al, Cu,
Hf, Mg, Mn, Ti, Zr, with Ag-Mg and Ag-Mg-Ni alloys being the most extensively
studied [22-27]. With Ag-Mg-Ni alloy, the Mg is intended to form oxide particles for

hardening, while the Ni is added as a grain refining agent. In practice, it is found t

and Ni tend to form Mg-Ni-0 particles. It is also probable that these alloy elements (o
oxides) influence Bi-2223 formation, which will be discussed in Chapter 3.7.

1.3.3. Mechanical deformation and homogeneity
Although the initial powder packing density and Ag:SC ratio are important

design parameters, the wire drawing and cold rolling procedures used to turn billets i

a tape also substantially influence the properties of the final tape product. For exam
too small area reduction per pass is used during rolling, it may make a composite

impossible to roll down or densify. If too great a reduction is used, it may lead to th
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formation of "sausaging" and also make the composite difficult to roll [28]. As a
complete theoretical analysis of all the forces involved with PIT wire drawing and
rolling is a difficult problem, requiring the input of many unknown or essentially
unmeasureable parameters, only the features relevant to practical composite processing
are discussed here.
The first step in reducing a billet into a tape is to draw it into a wire with a final
diameter, typically between 1.5 + 0.5 mm in diameter. A wire is drawn to a smaller
diameter by repeatedly passing it through successively smaller conical wire drawing
dies.
After a wire was drawn to the desired diameter, it was then rolled into a tape.
Rolling further densifies the powder and aligns the Bi-2223 grains. The diameter to

which a wire is drawn before rolling obviously influences the final tape width, but it

can influence the core packing density and tendency to form sausaging. Satou et al. [29
have shown that drawing to higher strains before rolling packs the core to higher

densities and leads to less filament sausaging and hence to higher Jc values. Similarly,
Grasso et al. [30] found that there is an optimum wire diameter prior to rolling. The
important features of the rolling process as they pertain to PIT tape fabrication are
mainly those which control or produce defects in the tape. For example, the roll gap
must be perfectly parallel to avoid a thickness gradient across the tape width, which
causes curvature or waviness in the tape. Another tape defect, which is controlled by

rolling parameters, is filament sausaging. It has been found that filament sausaging ca
be minimised by using small reductions in thickness per pass. But the experiment
indicates that the sausaging could also be avoided using a large reduction in the
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thickness per pass [31]. The lubrication state and front and back tensions are just a few
of the variables involved in the rolling process. Other potentially important rolling
parameters include the reduction per pass and the diameter of roller, which will
discussed later. A topical review on mechanical deformation of Bi-2223/Ag composites
has been given by Han et al [32]. The stress situation in rolled single and
multifilamentary Bi-based7Ag tape has been analysed by Husek et al [33, 34]. Many
parameters and procedures need to be optimised to produce high uniformity and high
quality tapes, such as the roller diameter, the rolling speed, the total and each pass
deformation rate, the former and back strain force, and so on. The mechanics of the
rolling process and its influence on homogeneity and properties in tapes will be
described in more detail later in Chapter 3.4.

1.3.4. Formation mechanism of Bi-2223
It is a very difficult task to convert multiphase composition precursor powder,
(overall (Bi,Pb)2Sr2Ca2Cu3Ox) into pure Bi-2223 in a Ag-sheathed tape. Small variations
in starting chemistry, reaction temperature, heat-treatment time and oxygen partial
pressure can move the system into regions in phase space where Bi-2223 formation is
incomplete. For example, even in the atmosphere optimum for Bi-2223 formation

(oxygen partial pressure 0.075 atm, often referred to as simply 7.5% O2), the activat
energy for Bi-Bi-2223 formation changes from - 2700 kJ/mol to - 700 kJ/mol [35, 36]

over just a few degrees. This sharp change in activation energy is believed to result
a solid state to a liquid-assisted formation process. As the activation energy for
formation of the impurity, or "second" phases in the system is very low (~ 500 kJ/mol)
[37], it is very difficult to form single phase Bi-2223. Since the (Bi^b^S^Ca^O,
• ^7
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system involves so many components and possible reaction pathways, the initial phase
assemblage, in addition to the overall chemical composition, has a large effect on the
post-processing results. Furthermore, some of the components are volatile, such as Pb
[38], and therefore the overall composition of the system can shift during processing,
resulting in a corresponding shift in the equilibrium (or metastable) phases.
The Bi-2223 formation mechanism during processing is a subject of debate.
Formation mechanism models are often proposed on the basis of some analysis of the
microstructural development during the conversion process, and/or by analysis of the
kinetics of the formation reaction. Several mechanisms and reaction pathways for Bi2223 formation have been put forward, but thus far none has been convincingly proven

to be solely responsible for the formation of Bi-2223, and it may be that a combination
of processes actually occurs. Most formation models fall into one of two broad
categories: formation by intercalation, or by nucleation and growth. Almost all models
involve a liquid phase in some capacity. The origins and significance of this liquid

will be discussed first, followed by a brief review of the literature framed in the c
of the intercalation and nucleation and growth models.
It was discovered by Sunshine et al. [39] that the partial substitution of Bi by Pb
enhances the formation and stability of the Bi-2223. In fact, appreciable amounts of
2223 are generally formed only when some Pb has been added to the mixture. Powders
of overall composition Bi^Pb.Sr^CujOy with 0.2 < x < 0.5 usually yield the greatest

degree of Bi-2223 conversion [40 ~ 42]. It was also found [41 ~ 43] that a slight exces
of Ca and Cu can be helpful in increasing the rate and the extent to which a powder
converts to Bi-2223. Presumably, these somewhat empirical findings are related to the
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mechanism(s) by which the Bi-2223 is formed. Uzumaki et al. [44] proposed that a
liquid responsible for rapid Bi-2223 formation came from the melting of Ca2Pb04 at
-817 °C in air. In their study they found that Ca2Pb04 and Bi-2201 formed below 750 °C
in air, and they suggested that Bi-2223 is formed by a reaction between Bi-2212 and Ca2+
in the liquid which formed by the melting of Bi-2201 and Ca2Pb04. Ikeda et al. [45]

reported that the liquid with the lowest formation temperature (825° C in air) was fo
not just from Ca2Pb04, but from a reaction between Bi-2201 and Ca^bO^ They stated

that this liquid wetted both Bi-2201 and Bi-2212, but not Bi-2223 pellets. They propo
that this liquid from Bi-2201 + Ca2Pb04 converts Bi-2212 to Bi(Pb)-2212, and that
Bi(Pb)-2212 reacts with (Ca,Sr)2Cu03 [2:1 alkaline earth cuprate (AEC)] and another
liquid composition to form Bi-2223. Several other researchers have reported similar
findings [46-53].
The important role of Bi(Pb)-2212 was not widely appreciated until Dorris et al.
[54, 55] demonstrated that introducing the Pb in the form of Pb-doped Bi-2212 instead
of as PbO or Ca2Pb04 improves the Bi-2223 reaction rate, as well as increases the
achievable Bi-2223 purity. The introduction of Pb into Bi-2212 changes the crystal

structure from tetragonal to orthorhombic [52], which causes the separation of the (2
and (020) X-ray diffraction peaks between 33° and 34° 20 when Cu-Ka radiation is used.
Subsequent work by several groups [52 - 54] confirmed that putting the Pb into the Bi2212 phase is indeed a crucial step in the Bi-2223 reaction. It seems that the final
of the Bi-2223 formation involves a reaction between Bi(Pb)-2212 and a calcium cuprate

phase. Thus it is not clear that Ca2Pb04 is desirable after all, because if a large fr
the Pb is present as Ca2Pb04, then the dissociation of CajPM^may control the formation
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of Bi-2223. For example, Koyama et al. [42] and Pierre et al. [59] have shown that th
best conversion was obtained for x = 0.3-0.4, for which excess Ca2Pb04 growth is
avoided. Because largely Ca2Pb04 free, Bi(Pb)-2212 powders react quickly with a high

degree of phase purity, it was initially thought that Ca2Pb04 is not necessary to form

reactive liquid to speed formation of Bi-2223, and that the liquid phase and increase

reactivity may instead be a result of the fact that the melting point of Bi-2212 dec

with increasing Ca [43] and Pb content [55]. However, experiments by Grivel et al. [6

and Xu et al. [61] suggest that Bi(Pb)-2212 is not a stable phase, and that Pb-rich p
such as Bi0.5Pb3Ca2Sr2CuOx ("Bi(Pb)-3221") and (Ca,Sr)2Pb04 are formed during the heat
treatment ramp up. Our experiments indicated that tapes made from precursor powder

containing 72.5% Pb in the Bi-2212 show the highest Jc with the shortest sintering tim
which was discussed in Chapter 3.1. Thus, despite a considerable many of work, there
still some confusion about the role played by Bi(Pb)-2212, Ca2Pb04, and other second
phases in the formation of a liquid phase and the Bi-2223.
In the context of Bi-2223 processing, "nucleation and growth" is generally used
to refer to a process by which new Bi-2223 grains are somehow nucleated on existing

Bi-2212 grains, or directly from a liquid phase. Mechanisms such as disproportionatio

and dissolution-precipitation fall somewhere in between intercalation and nucleation
growth, but here they will be considered as variations of a nucleation and growth

process. Most Bi-2223 formation work in the literature concludes that Bi-2223 is form
by a nucleation and growth process, whereby Bi-2212 reacts with a liquid phase, and
new Bi-2223 grains are nucleated either at sites on Bi-2212 grains, or directly from
melt. Many authors have used X-ray diffraction studies of the Bi-2223 conversion
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kinetics to come to this conclusion. As presented by Kingery et ai. [62] and first shown
by Avrami [63], an isothermal solid-state conversion process, the Avrami exponent n can
be determined from fits of the conversion as a function of time data, and can give some
insight into the mechanism of the conversion process. The two dimensional growth
mechanism is consistent with the observed anisotropic Bi-2223 grain growth (which is

much faster within the ab-plane than in the c-direction) and/or the plate-like nature o
precursor Bi-2212 grains, which confines the Bi-2223 formation product. The variation

of the Avrami exponent reported in the literature may be due to variations in the amoun
of liquid formed, which may be a result of variations in the complicated phase
assemblage in tapes. Microstructural studies have also been reported which lend support

to Bi-2223 formation by nucleation and growth process. Hatano et al. [64] suggested that
Bi-2223 forms by precipitation from a liquid phase which itself forms from the
dissolution of Bi-2212 and other second phases. The basis for this model is that a
reactive liquid phase is needed to explain the rapid initial Bi-2223 formation and

increased density. Thus, Bi-2223 precipitation from a liquid is the most likely formatio
mechanism. Morgan et al. [65] have shown an evidence for a solution-precipitation Bi2223 formation mechanism. In their paper they show SEM micrographs of what appears

to be a liquid droplet moving along a Bi-2212 plate, and leaving a trail of Bi-2223 in i
wake. Recently, Grivel et al. [66] have also published microstructural evidence for a
nucleation and growth process. SEM examinations of the same regions of a sintered

pellet after increasing amounts of thermal treatment revealed that Bi-2212 grains shran
during the heat treatment, while simultaneously new Bi-2223 crystals appeared with
their own distinct orientation and morphology. They concluded that Bi-2223 grains were
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not using Bi-2212 grains as formation templates, and that Bi-2223 was formed by a
nucleation and growth process.
There are additional formation models which do not fit entirely under either the
nucleation and growth or intercalation umbrellas. They are mentioned here for

completeness, although they all have less support in the literature. As they both invo

precipitation of a phase from a liquid, they are included in this nucleation and growth
section. A formation mechanism called disproportionation refers to a cyclic process in
which Bi-2212 decomposes into Bi-2223 and Bi-2201, the new Bi-2201 reacts with a

liquid to form new precipitates of Bi-2212, which in turn leads to more Bi-2223, and so
on [67-69]: (1) 2(Bi-2212) => Bi-2223 + Bi-2201, (2) Bi-2201 melts into Pb-rich liquid
flux, (3) new Bi-2212 grains nucleate and precipitate from the melt and (4) 2(Bi-2212)

=> Bi-2223 + Bi-2201 [back to step (1)]. This process repeats until the supply of Bi-22
is exhausted. Note that this mechanism should always result in a residue of Bi-2201 at

the end of the reaction. Since this is not usually the case, disproportionation is not
supported experimentally. Another process, known as dissolution-precipitation, is
similar to disproportionation. In this model [70], Ca2Pb04 melts incongruently to form
liquid and CaO. Then CuO and CaO react with and are dissolved into the liquid. The Bi-

2212 grains are then melted, and new Bi-2201 grains are precipitated from the melt. The
Bi-2201 grains react with Ca and Cu ions in the liquid to form the Bi-2223. Although

there still is some disagreement between the exact details of the process, there is a w
body of evidence that suggests Bi-2223 forms via a nucleation and growth process which
involves precipitation of the Bi-2223 grains from a reaction between a Pb-rich liquid
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phase and Bi-2212. There is however, also ample evidence that intercalation also plays a
role in Bi-2223 formation, as is discussed next.
"Intercalation" refers to a process where Bi-2212 grains are directly transformed
into Bi-2223 platelets via the insertion of additional Ca/Cu-0 layers. In contrast to
nucleation and growth proponents, which use kinetic analysis as the primary support
with microstructural studies as secondary evidence, supporters of intercalation have the
opposite situation; most intercalation evidence comes from TEM studies, with few
reports of kinetic analysis confirmation. As discussed in chapter 1.2, Ikeda et al. [71]
suggested that Bi-2212 converts to Bi-2223 by an intercalation mechanism, in which
additional Ca and Cu diffuse into the structure and convert Bi-2212 to Bi-2223, layer by
layer. The basis of this hypothesis came from a TEM study, in which it was observed
that the superconducting grains often consisted of a banded structure of Bi-2212 and Bi2223 intergrowths. Sung et al [72] have provided an evidence that seems to support this
intercalation formation mechanism. In this study, TEM micrographs show what appears
to be an intercalation growth front, where it appears that a Bi-2212 grain is undergoing
the layer-by-layer transformation to Bi-2223. Bian et al. [73] have published similar
TEM results, and gone a step further to claim that Bi-2212 actually converts via
intercalation to a complex intermediate phase denoted as 4435 (alternating layers of Bi2212 and Bi-2223) before complete conversion to Bi-2223. To provide a more stable
foundation for the intercalation model, Cai et al. [74] developed a theory to explain the
kinetics of such an ion-diffusion controlled intercalation mechanism. Their model

considers the cylindrical "void" that results from the edge dislocation-like feature cau
by the insertion of a Ca/CuO plane at the Bi-2212/Bi-2223 interface to be a short-circuit
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channel for fast ion diffusion. The Bi-2223 formation rate is then controlled by onedimensional diffusion down this dislocation "pipe", the cations being supplied from a
reactive liquid at the edges of the grain. Their model results in an Avrami exponent
between 0.5 and 1.5, consistent with most of the published values. Kinetic and
microstructural support for Bi-2223 formation by intercalation has been published
recently by Wang et al. [75]. In their study, they used a transmission X-ray technique
(using high intensity X-rays supplied by a synchrotron) to probe both the texture and
phase assemblage of the entire thickness of a tape, and used TEM for microstructural
investigation. Their study revealed that before any Bi-2223 formation was observed, the
texture of the precursor Bi-2212 grains was strongly increased, and that this resultant

texture was the same as that of the Bi-2223 that was later formed. A two-step process for

the formation of aligned Bi-2223 grains in a Ag-sheathed tape will be discussed in detail
in chapter 3.5. During the ramp up and early stages of heat period before Bi-2223
formation, Bi-2212 grains are partially dissolved and then regrown with a greater
texture, and then the Bi-2223 grains are formed by intercalation from the Bi-2212 grains
[76]. This model can explain many of the phenomena that other authors have used to
reach difference conclusions. These included that the fact the conversion process
involves a liquid phase, Bi-2223 forms with texture greater than that of the as-rolled
precursor Bi-2212 [77-79], and Bi-2223 grains with Bi-2212 intergrowths are
commonly observed [71-73, 80-83].
The details of Bi-2223 formation described above generally apply to both bulk
Bi-2223 and tapes. However, it has been found that it is much easier to form high purity
Bi-2223 in Ag-sheath tapes. Of many feasible metallic sheathing materials, pure Ag has
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been found to be the most chemically compatible with Bi-2223 [84]. Ag also has the
fortuitous dual properties of remaining noble during heating in oxygen-containing
atmospheres, while at the same time the diffusion of oxygen through the metal is very

fast [85, 86]. These are required properties for Bi-2223/Ag tapes, which are heat treat
for many hours at high temperatures in oxygen-containing environments. There have
been many studies of the effects of Ag on Bi-2223 formation. The most common
conclusions are that the addition of Ag results in a lower precursor (partial) melting
and accelerated Bi-2223 formation. Although there have been many reports on lowering
the melting point of Bi-2223 precursors due to Ag addition, fewer studies have carried
out on the actual mechanism of this effect. Dou et al. proposed that the addition of Ag
cause the formation of a Ag-PbO-CuO and lowers melting point of the eutectic liquid
[87, 88], which lowers the melting point of the Bi-2223/Ag system and accelerates Bi2223 formation. Also, Parrella et al. [89] and Sung et al [90] have shown that mixing a
small amount of Ag into the powder helps to evenly distribute liquid in the core, and
leads to more homogeneous microstructures. However, the exact role of Ag still remains
somewhat unclear. Indeed, several groups have reported finding no evidence of a
reaction with Ag, and that Ag does not enter the Bi-2223 crystal structure, or that it

actually be detrimental to Bi-2223 formation [90-92]. In addition to directly contribut
chemically to the formation of Bi-2223, the Ag sheath also helps Bi-2223 formation by
reducing the evaporation of Pb (and perhaps Bi) from the powder. Luo et al. [38] have
shown that the Ag sheath effectively prevents evaporative Pb loss under typical heat
treatment conditions. However, if the ends of a tape are just cut and left open during
treatment, material can leave through the open ends. Evidence for this was witnessed in
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the form of the whitish/yellowish film that formed on the inside of the furnace work

tubes that were used to heat-treat samples. Recently, Thurston et al. [93] have shown t
the conversion to Bi-2223 is hindered in a - 2 mm long region near the open ends of a
tape, confirming a composition change (Pb loss). The Ag sheath of a tape also plays a
role in the Bi-2223 grain texture development. As Bi-2223 often grows first along the

Ag interface [94-96], a smooth interface will result in better textured Bi-2223 than on
that is irregular or jagged. Additionally, the Ag provides a geometrical constraint on
Bi-2223 grain growth, and this also leads to some texturing [77, 79]. The texturing

benefit of the Ag sheath increases as the filament thickness decreases [93], because th
fraction of the Bi-2223 core in close vicinity to Ag increases.

1.3.5. Intermediate thermo-mechanical processing
A cyclic process involving two heat treatments with an intermediate mechanical

deformation, are typically used to convert the precursor powders to (relatively) highly

dense, well aligned and high purity Bi-2223. The heat treatments are critical to the Bi
2223 transformation, and the mechanical deformation steps are necessary to achieve

densification and grain alignment, and needed to accelerate conversion to Bi-2223. It i
commonly observed that changing the heat treatment temperature by as little as 1°C can
have a significant effect on Jc. This is a result of the narrow Bi-2223 formation
temperature window, and the low levels of liquid that are involved in the conversion
process. Between heat treatments, samples are mechanically deformed by either uniaxial
pressing or cold rolling. Deformation steps are needed to develop a high quality
microstructure and high Jc values, which will be shown in subsequent chapters.

Depending on the experiment, tapes are either reduced to a certain thickness, or presse
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at a certain pressure. It will be s h o w n later that whether a tape is pressed or rolled, and
the parameters used for doing so, have a large influence on the critical current density.
Samples are usually uniaxially pressed between tool blanks, with glycerin as a lubricant.

If the experiment calls for a controlled reduction in thickness instead of a fixed pressi

pressure, brass or stainless steel shim stock are used to limit the thickness of the tapes.
The process of uniaxially pressing between two flat plates is known as open-die

forging, as the tape is free to spread laterally between the plate surfaces. At a sufficie
high pressure and/or small sample thickness, the ends of the plates are forced closer

together than at the centre, resulting in tapes that are thinner and wider at the ends tha
the centre. As tungsten carbon cermets have a modulus of elasticity (~ 450 GPa)
approximately twice that of tool steel (~ 200 GPa), they should have a lesser tendency

than tool steel platens to bend in response to the pressing forces, and this was found to b
the case experimentally. In contrast to uniaxial pressing, in which an essentially plane
strain condition occurs in the transverse tape plane (i.e. pressed samples get thinner and
wider, but not appreciably longer), near plane-strain conditions are developed in the

longitudinal direction in rolling process (i.e. rolled samples get thinner and longer, but
not appreciably wider). The pressing and rolling procedures described above have one
important feature in common: both are used to plastically deform tape samples between
heat treatments, significantly changing the thickness (typically by ~ 10% or more at each
pass) and the dimension of the tape. As the Ag sheath is a ductile metal, this large
deformation can be easily accommodated. As will be illustrated in forth chapters, some
effects of deformation are very beneficial to form Bi-2223 tapes. The deformation steps
increase the density (and perhaps the alignment) of the oxide grains, and they break up
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the sintered structure, increasing the reaction rate of the precursor powder to the Bi2223. However, it will also be shown that cracks formed in the deformation process can
remain in the core after the subsequent heat treatment, which is clearly an undesirable

situation when one strives to make full use of the superconductor cross section of a tap
Although rolling and pressing can both be thought of ideally as plane strain

deformation processes, the crack structure formed by each is significantly different. F
both processes, the compressive force supplied by either the platens or rolls acts
principally to decrease the thickness of the tape. The compressive stress creates shear

stresses on the material plane that is at an angle (q) to the direction compressive stre
The shear stress is therefore maximized for q = 45°, and so the material under

compression will tend to slip (if it is ductile) or fracture (if is not) on planes at o

45° to the compressive stress. Thus, for both pressed and rolled tapes, cracks are forme

preferentially at angles - 45° to the direction of compression. The different orientati

of the planes under plane strain result in cracks which run predominantly along the tape

axis (parallel to the direction of current flow) in pressed tapes, and transverse to th
tape axis (and current flow) in rolled samples [97]. This means that cracks formed in
pressed samples tend to be oriented parallel to the long tape axis, and those in rolled
samples run transverse to the tape axis.

1.3.6. Decomposition of Bi-2223 and residual liquid phase transformation
during final heat-treatment
processing
A significant aspect of the thermo-mechanical processing of Bi-2223 tapes is the
understanding of the conditions of Bi-2223 formation. In addition to the overall cation
composition and the effects of Pb and Ag discussed previously, the temperature and
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oxygen partial pressure (pOf) used in the heat treatments have a considerable influence
on Bi-2223 formation. Although most of the reported work on Bi-2223 formation has
been done in air, there have been a number of studies that examined the effect of the

processing atmosphere on the formation of Bi-2223, with sometimes conflicting results.

For example, some groups reported that Bi-2223 forms in nitrogen [98, 99], while other
have reported that Bi-2223 was unstable and decomposed when heated in nitrogen [100,

101]. Jao et al. [102] reported substantial Bi-2223 formation in oxygen, but Endo et a
[103] reported that Bi-2223 does not form when p02 > 0.21 atm, and claimed that p02 >

0.075 atm (7.5% 02) was best. Rubin et al. [104] examined the stability of the Pb-free

Bi-2223 over a wide range of temperatures and oxygen partial pressures, and found that
at low p02 values, Bi-2223 decomposed to Bi-2212 and other secondary nonsuperconducting phases. They reported that this decomposition reaction was not

reversible. MacManus-Driscoll et al. [53] and Daumling et al. [105] have found similar
results. Bi-2223 is stable over a narrow range of temperatures and partial pressures.
also has been reported that the optimum Bi-2223 formation conditions were 0.01 <p02

< 0.35 atm at 820°C < T < 880 °C, and that the single phase Bi-2223 stability range is

p02 < 0.5 atm. [100]. They describe the influence of p02 in terms of the valence state
the Pb ions; because the Pb in Ca2Pb04 exists as Pb4+ and is reduced to Pb2+in Bi-2223,
therefore oxygen must be released. Thus, high oxygen partial pressures favour the
formation of Ca2Pb04 instead of Bi-2223. At lower p02 values, the decomposition of the

CajPbO, phase is favoured. Several groups have examined in more detail the temperature
dependence of the stability of (Bi,Pb)-2223 at a constant pOi > 0.075 ami, and have
found that the Bi-2223 is stable between - 800 °C and 830 °C [106-107]. All phase
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regions also contain at least a small amount of various alkaline earth cuprate phases. Bi2223 partially melts and form Bi-2201 and other non-superconducting phases at
temperatures above 840 °C. Our experiments also indicate that Bi-2223 is unstable and
partly decomposes to Bi-2212, Bi(Pb)-3221, CajPbO,,, and other non-superconducting

phases during the final cooling to lower temperatures. Advanced analysis indicates that

all the non-Bi-2223 mainly transformed from residual liquid phase, which will discussed
in detail in Chapter 3.8.

1.3.7. Intergrain connectivity and intergranular flux pinning in PIT tapes
The Jc of Bi-2223/Ag tapes depends on both flux pinning and the connectivity of
the 3-D grain network in the tapes. It is controlled by two major factors, weak links
(determined by phase purity, grain connectivity and alignment) and flux pinning. In
order to improve the zero-field Jc in Bi-2223/Ag tapes, grain connectivity must be

improved and this is best achieved by introducing a high c-axial texture and clean (de
free) grain boundaries [108-119]. To enhance the in-field Jc of Bi-2223 composites,
improvements in the capacity to pin magnetic flux, either from increased electronic

coupling between Cu-0 layers or by the introduction of appropriate defects are essentia
e.g. the introduction of splayed columnar defects, dislocations and secondary phase

precipitates is thought to enhance flux pinning [109, 110-114]. In addition, coupling m
be modified via intrinsic doping effects [125]. A recent review on the introduction of
pinning centres into Bi-(Pb)-Sr-Ca-Cu-0 superconductors has proposed that low-angle
boundaries, stacking faults, twin boundaries, impurity phase, precipitates, secondary
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phase inclusions, growth dislocations, oxygen vacancies, structural non-uniformities
may also act as potential pinning centres [126].
It has been suggested that the zero-field Jc can be improved by reducing the Bi-2212
content [108-110], non-superconducting phases [117, 118], better grain connectivity and

grain alignment via cold- [109, 118] or hot-pressing [111, 117], in the belief that a hig

zero-field Jc (B = 0) implies a higher in-field critical current density JC(B) [108, 110]
However, JC(B) has been shown to be improved by the introduction of irradiation pinning
centres [115,116], slow cooling [119] and from mechanical handling[l 14]. These results
indicate that JC(B = 0) and JC(B) in Bi-2223/Ag PIT tapes can be improved independently
by using different techniques.
Whether or not the current path in Ag-sheathed Bi-2223 tapes is dominated by
either the "brick wall" [128] or "railway switch" [129] linkages, the dominant
experimental evidence until now, shows that there is a strong positive correlation
between a higher Jc(0T, 77K) and a higher (or absent) kink in the AC (or DC)
susceptibility trace [130. 131]. Recently, Riley et al [132] proposed a new "freeway"
model for current transport in BSCCO materials, in which intra-colony current transport
across high angle c-axis twist boundaries is invoked to account for the apparent
relaxation of the biaxial alignment criterion for intergranular current flow in HTS
materials. An important prediction is that this reduced mosaic spread will optimise

transport, and gives a direction for further improvement of tapes, along with the obvious
need to eliminate secondary phases and porosity. Our experiments of hot-pressing
demonstrated that [111, 127], in low field, Jc-H curves were moved up much, but in high
field, J -H curves showed cross-over in before and after hot-pressing tapes. This
*5
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indicated that hot-pressing chiefly improves grain connectivity, which will be discussed
in Chapter 3.11. The flux pinning is not improved by hot-pressing because Bi-2223

instinctive properties that the vortex pinning within grain is very small scale. This le
difficult to increase flux pinning centre.
Much work on the Jc dependence on non-high Tc or Bi-2212 phase has been done,
such as the relationship between Jc and the percentage of Bi-2212 phase has indicated
that Jc increases with decreasing percentage of Bi-2212 by Dou et al [133] and Thurston
et al [134]. Umezawa [135] and Kaneko [136] report contradictory results, in which Jc
decreases with decreasing Bi-2212 phase. Another contradiction takes place in effect of
slow cooling on Jc [137]. These studies report contradictory conclusions regarding the
effects of impurity particles (such as Bi(Pb)-3221, mix-second phase particles and Bi2201 phase) on critical current density in Ag-sheathed Bi-2223 tapes. Our experimental

results indicate that Bi-2212 is superconducting at 77K, and the percentages of Bi-2212
phase particles do not have much influence on grain connectivity and flux pinning.
However, the fraction and size of impurities, along with Bi-2212 play an important role

in influencing the grain connectivity and flux pinning, and subsequently influence the J
[127]. All non-superconducting impurity phase particles reduce the current paths. On the

other hand, the smaller sized impurity particles can act as effective flux pinning centr
The Jc behaviour in a magnetic field is determined by the flux pinning force Fp. Fp

is a function of elementary flux pinning fp and density of pinning centers cp. Fp = I VU0

I « U</£, where U0 is the flux pinning energy and 1% is the coherence length. So, the Je
dependence on the magnetic field is a function of U0 and cp Enhanced U0 was found in
irradiated Bi-2212 crystals from induced columnar defects [138]. Further enhancement
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of Jc at 77K in Ag - sheathed Bi-2223 tapes was achieved by fast neutron irradiation
[115]. For both irradiation cases, U0 and cp were increased significantly by induced
nanometre-^ize columnar defects, responsible for enhancement of Jc in high magnetic
field. Kiuchi et al [139] have systematically studied the pinning force density and the
irreversible behaviour in Bi-2223 tapes by theoretically calculating and experimentally
measuring the improvement of pinning characteristics in Bi-2223 tapes. They indicated

that one of the candidates for strong pinning centres is fine normal particles such as t
211 phase particle in Y-Ba-Cu-O. They calculated the pinning characteristics using the
flux-creep theory when the normal particles were 0.5um in diameter, and successfully
introduced up to 20% in volume fraction. In this case Jc at B=1T and T = 77.3 K is
estimated as 4.25xl05 A/cm2. This was a pinning strength value approx 14 times greater
than the present level.

1.3.8. Potential for industrial application ofHTSC Bi-2223/Ag Tapes

Recent development of high Tc oxide superconductors enables us to explore some
practical applications. These achievements are only possible due to the rapid worldwide
progress in the development of HTSC wire and tape with acceptable performance for
prototype demonstrations. This part will briefly highlight the performance ofHTSC Bi2223 PIT long length tape in relation to the current and long-range objectives of these
power-system-related applications. Potential applications of high Tc materials include
power transmission cables, motors, high field insert coils, superconducting magnetic
energy storage (SMES), magnetic resonance imaging (MRI), high-gradient magnetic
separator (HGMS) and magnetic levitation train. Whereas transmission cables are
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intended to operate at 77K, magnetic field applications are restricted to lower
temperatures. The reason is the low irreversibility field of some oxide ceramic
superconductor at temperatures around 77K due to strong flux creep effects. Practical
current density levels can be achieved at 20-3 OK for Bi-based superconducting tapes,
making it possible to achieve some practical applications of conductors without liquid
helium cooling.
Because this temperature region can be efficiently obtained by cryocooler, Agsheathed Bi-2223 magnets cooled by cryocoolers have great potential in many

technological applications. One of the interesting applications of cryogen-free magnet i
magnetic separation. Magnetic separation has been used for many years to collect
magnetic particles such as iron ore. Conventional copper electromagnets are being used

for HGMS, but the magnetic fields available are limited to 2T by the saturation of iron.
In addition, the generation of magnetic fields in a large volume is costly in terms of
electric power, iron and copper losses. For these reasons, superconducting magnet for
magnetic separation was proposed as early as 1970. In 1986, a conventional metallic
superconducting magnet was installed to HGMS for the kaolin purification. The
disadvantage of low Tc superconducting magnets usually required expensive liquid
helium for cooling, which hinders the significant decrease in the running cost. Thus, a
cryogen-free Bi-based oxide superconducting magnets are now proposed as a promising
alternative for magnetic separation.
It is fairly clear that all of these recent HTSC demonstrations are only possible
due to the availability of Bi-2223 tape at suitable lengths with acceptable performance
for prototype demonstrations. The consensus conclusion for a commercially viable figure
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of merit for performance and cost was a target of less than $10/kAm, but the present c
is too high with estimates exceeding $1000/kAm for Bi-2223 tape two orders of
magnitude larger than the targeted cost. Increasing the filling factor, i.e. reducing
ratio of silver, combined with improvement in Jc and processing would eventually lower
the cost to the desired target.

Table 1.3.1. Potential commercial market for H T S C .

Industry

Estimated Increase in H T S C
Device Consumption
2000

2010

2020

Electronics (computers.etc.)

23%

32%

46%

Utility (engergy storage, generation,
motors)
Medical/Scientific (MRIs,spectroscopy,
SQUIDS)
Transportation (levitation trains,
electromagnetic populsion)

25%

16%

18%

30%

24%

11%

9%

6%

9%

Other (magnet, magnetic shields)

23%

22%

16%

The commercial market for H T S C is expected to grow 100-fold. Industries
anticipated to experience the most growth in the utilisation of HTSC devices have been
examined with HTSC device consumption forceasted to the year 2020 as the Table 1.3.1.
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PART II: EXPERIMENTAL METHODS

2.1 Bi-2223 Precursor Powder Production
2.1.1. Chemical composition of Bi-2223 precursor powder
The preparation of precursor powders with high purity and homogeneity, and

the desired phase composition and particle size distribution is the most crucial step in
the production of high quality Ag-sheathed Bi-2223 tapes. In fact, most groups working

on Bi-2223 tapes still investigate optimisation of the precursor powder at the beginnin
of Ag-sheathed Bi-2223 tape production. Most precursor powders used in this work
were commercial powders, but these were modified as discussed in the following
chapters of this thesis.

2.1.2. Methods of precursor powder production
Many methods have been used to produce high quality Bi-2223 precursor
powder, including co-decomposition [1], co-precipitation [2], aerosol spray pyrolysis
[3], freeze drying [4], Sol Gel, mixing liquid, microemulsion and so on. The solution
route ensures atomic level mixing of the components, but each method has its
advantages and limitations.
HTSC powders currently available on the market have a size range of 1 to 5 um.
Unfortunately, particle size is not the only variable andmany other factors are also
important. Homogeneity may differ from one powder to another, not only by internal
defects, but because of deviations in the chemical composition, and of the amount of
admixture defects. The variation in the physical properties that may occur include: Tc;
Ic; and the irreversibility line. The lack of consistent properties of HTSC powders
highlights the need for improvement in powder quality control.
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2.2. Thermo-mechanical Processing of PIT Tapes
2.2.1. Bi-2223 PIT technique
The fabrication of Bi-2223 PIT tapes mainly consists of three steps, (i) filling of
powders into silver (or silver-alloy) tubes, (ii) mechanical deformation to make green
tapes, and (iii) sintering (with intermediate deformation cycles).
In the first step, the powder is loaded into a silver tube. The tubes used in this
work had outer diameter of 9 ± 3 mm and wall thicknesses of 1 ± 0.5 mm. Depending
on the powder and filling technique used, filling density varied between 30 ± 10% of
the theoretical density. The double packing technique was used to produce
multifilamentary tapes.

2.2.2. Thermo-mechanical processing of PIT Tapes
After filling, the tube was annealed to remove any moisture, CO2 and / or other
gases from the powder. The deformation procedure involved two stages: drawing and
rolling. Drawing was carried out using round dies, at a speed of 7.5 cm/sec, and
reduction rate of around 15 percent per pass. After drawing, the wire had a diameter of
0.7 to 2 mm. Flat rolling was used to form the wire into tape, with 200 ± 100 um
thickness and 3 ± 1 mm width. For the flat rolling, different rolling machines with
different roller diameters were used. Parameters and procedures for deformation have
been optimised for producing high uniformity and high quality tapes. These included the

roll diameter, the rolling speed, the total and each pass deformation rate, the strain f
at the feed and receiving ends, and so on.
Sintering of the tapes was carried out in tube furnaces, using a carefully chosen
and optimised sintering procedure for different precursor powders. To achieve

P A R T II: E X P E R I M E N T A L M E T H O D S

reproducible superconducting properties, the temperature had to be kept within a narr
range of 1 ± 0.5°C of the set temperature. The standard heat treatment consisted of
sintering stages with an intermediate deformation. The intermediate deformation was
either performed by uniaxial pressing with a pressure of 2 GPa, or by rolling. The
thickness reduction of the intermediate deformation was 5% to 30%.
The technique and details of processing will be introduced in each chapter of part

III later. The microstructure and properties of Bi-2223 tapes are highly dependent on
PIT technique and thermo-mechanical processing parameters, therefore, most of the

work in this thesis was to control or optimise processing, and to explore novel and ne
process routes.

2.3. Microstructure and Property Measurement
2.3.1. Microstructural analysis
Microstructural analysis played a central role in the effort to optimise tape
processing. The techniques used include X-ray diffraction (XRD), optical microscopy
(OM), and scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and magneto-optical image analysis (MO).
XRD is by far the fastest and most convenient way for composition and
microstructural characterisation of Bi-2223 tapes. Samples are easily prepared by

peeling one side of the silver sheath, and a typical measurement takes 30 to 60 minute
The diffraction pattern allows the determination of the chemical phase composition,
and a semi-quantitative estimate of the grain alignment. A chemical compound or a
new phase can only be detected if its volume ratio exceeds a few percent, and if the

grain size is at least 1 itm. Very small volume fraction of secondary phases cannot be
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exactly determined, due to the limitation of resolution. It also has to be kept in mind
that, due to the sample preparation, the measurement is taken in a region of the core
which is close to the silver interface. As the silver plays an important role in Bi-2223
formation, the interface region may not be representative for the bulk of the core.
Closely related to XRD is the X-ray texture analysis technique, that allows a more
accurate determination of the grain alignment by measurement of pole figures.
OM and SEM allow a direct observation of the microstructure. While the
resolution of optical microscopy is limited to circa 1 um, SEM can provide information
of the structure in the sub-micron range. The main difficulty of microscopy is in the

sample preparation, i.e. to provide a cross section through a tape which reveals its 'tr
microstructure. Sample preparation includes mounting, grinding, polishing, etching and
coating of the samples. Each of these steps entails the possibility of changing the true
structure. For measurements of cross section areas, and in particular superconductorsilver ratio of the tape cross section, an image analysis system was used in conjunction
with an optical microscope. These measurements, however, proved to be rather
inaccurate, as the obtained value depended strongly on the polishing/etching of the
sample, and on the brightness of the microscope's light bulb. The error was estimated
to be 15%. This also means the critical current density data contain a similarly large
error.
Transmission electron microscopy allows direct observation of more detailed
and fine microstructures. TEM images presented in this thesis were carried out by coworks in the ISEM.
Magneto-optical image analysis was carried out by the Applied
Superconductivity Center of University of Wisconson, details are given in Chapter 3.2.
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2.3.2. Electromagnetic Characterisation of Bi-2223 Tapes
For fundamental investigations, one considers only the current density per

superconducting cross section (A = Asc), while for applications the total cross se

the tape Atot = Asc + ASiiver is more relevant. In the latter case, one speaks of t

engineering current density Je = Ic / Atot. The standard critical current measureme

carried out at 77 K in liquid nitrogen (LN2) with 1 uV/cm criterion. Current sourc
a current limit of 10 A (Keithley 228A) and 100 A (Hewlett Packard 6672A) were

available. The standard resolution of the voltmeters (Keithley DMM 196 and Keithl
2000/2001) was 0.1 u.V. For Ic measurements in magnetic fields, two magnets were

used, with capacities of 40 mT and 1 T, respectively. A four-probe technique is u
exclude contact voltages. In most cases, the tape was contacted by clamping using

clamps. Critical temperatures were also determined by AC susceptibility measureme
in a Physical Properties Measurement System (PPMS). The PPMS was also used for
measuring magnetisation loops of the tapes.
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Chapter 3.1
Precursor Powder and Its Influence on Phase
Formation and Critical Current Density
3.1.1. The role of precursor powder.
It has been reported for Bi-2223/Ag tapes that, the high electrical performance at
7 7 K [1-5] n o w approaches the level needed for technological applications, and a great
deal of effort has been expended in studying the Jc-limiting mechanisms. A n important
aspect of this is to develop highly textured Bi-2223 grains [6-11]. In the powder-in-tube
process, precursor powder with a nominal stoichiometry (Bi,Pb)2Sr2Ca2Cu3Ox is reacted
to form Bi-2212 phase (along with other secondary phases), and these then react to form
Bi-2223. It has been established that careful control of the processing parameters in the
PIT technique is important in order to achieve high Jc values in Ag-sheathed Bi-2223
tapes [12-16].
The sintering stage is one of the most important and delicate steps in the
fabrication process of Ag-sheathed Bi-2223 tapes. T h e Bi-Pb-Sr-Ca-Cu-0 phase
equilibrium diagram is very complex. Thefinalphase composition and microstructure of
the superconducting core is determined by the initial phase composition of the starting
powder, and from any subsequent temperature/deformation parameters in the thermomechanical process. The P b distribution in the precursor powder has been found to have
a significant effect on the required sintering temperature and time in Ag-sheathed Bi2223 tapes. Despite progress in increasing Jc values in recent years in high temperature
superconducting tapes achieved, by research groups around the world [2, 4, 12, 13, 20],
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there are still a lot of technological problems that are not yet solved. So, a new meth

to substantially reduce the processing time of Ag/Bi-2223 tape has been introduced [1

the details of which will be discussed in Chapter 3.6. This chapter, covers the effec
precursor powder composition on the Bi-2223 phase formation kinetics and critical
current density in PIT tapes.

3.1.2. Pb distribution and modification of precursor powder
Ag-sheathed multifilamentary wires and tapes were fabricated using the powderin-tube method [12]. Precursor powders with a fixed nominal stoichiometry of
Bii.8Pbo.35Sr191Ca205Cu306Ox but with different phase compositions (as shown in Fig.
3.1.1) were used to fabricate the Ag/Bi-2223 tapes. All the precursor powders had Bi2212 as the major phase with average particle size of either 1 um or 8 um as shown in
Fig. 3.1.2. Multifilamentary tapes were fabricated using a re-stacking procedure for

filament and 361-filament tapes. An optimal deformation procedure [12] was used to rol

the wires into tapes. In this chapter, two intermediate processes, normal cooling (NC)
K/min) and intermediate quenching (IQ) were used to prepare the tapes. In the IQ
processes, the tape was quenched from fixed temperature at different sintering times
[17]. During final cooling process, a two-step procedure was used.
It is believed that the Bi-2223 formation, optimal sintering temperature, final
phase composition and microstructure in the tapes is related to the phase composition

and nominal stoichiometry in the precursor powder. The Pb distribution in the precurs
powder has been found to have a significant effect on sintering temperature, time and
final microstructure in the tapes. From Fig. 3.1.1, Pb-2212 is a major phase in all
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precursor powders, but exists in different phase distribution. Here we define the
percentage of Pb into 2212 phase as fPb.2212:
fpb-2212 = l"U(Sr,Ca)2Pb04+ Ipb-free2212)/l2212(115)

Wa)2Pb04> Wree 2212 and I22i2(ii5) are peak intensities of the (Sr,Ca)2Pb04 (110)
peak, Pb-free 2212 (120) peak and 2212 (115) peak respectively.
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3.1.3. Effect of precursor powder
critical current density

on Bi-2223 phase formation kinetics and

Multifilamentary tapes with different thicknesses were fabricated using precursor
powders with different particle sizes in order to study the effect of oxide core thickness
and precursor particle size on Bi-2223 formation kinetics. Fig. 3.1.3 shows the Bi-2223
phase formation rate versus sintering time in 37-filament tapes. The results show that
smaller powder particle and thinnerfilamentsaccelerate Bi-2223 formation.
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Fig. 3.1.3. Bi-2223 phase formation volume fraction versus sintering time for
mutifilamentary tapes.

It is interesting to note the slow rate of Bi-2223 formation by using a fast heating
rate (200°C/min). The effect of heating rate on Bi-2223 formation kinetics was due to
the P b distribution at the beginning of the sintering stage, as this influenced the
temperature at which the liquid phase appeared. The liquid phasefirstappeared because
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of the melting of C a ^ b O , (827°C, [22]), from which in turn accelerates Bi-2223

formation. Ca2Pb04 was absent in the precursor powder in fast heated samples and Bi
2223 formation was retarded. The growth of Bi-2223 began simultaneously with the

appearance of Ca2Pb04 and may be related to Pb-2212 decomposition. In this case, th
Ca2Pb04-content in the phase composition would not increase because of the Pb

contained in Bi-2212. For tapes made from precursor powder containing Pb-free 2212

the major phase, a lower sintering temperature, and longer sintering time was requ
Whereas a higher sintering temperature and shorter sintering time can be used for
made from a precursor powder with Pb-2212 as the major phase.
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The effect of the phase composition of the precursor powder on the Bi-2223
formation kinetics in Ag-sheathed Bi-2223 tapes has been studied recently [23]. Fig.

3.1.4 shows the sintering temperature required for Ic to reach its optimal value in Agsheathed Bi-2223 tapes versus the percentage of Pb in the Bi-2212 phase.
Fig. 3.1.5 shows the Jc in Ag-sheathed Bi-2223 tapes versus the percentage of Pb

in the Bi-2212. Jc in the tapes treated using the IQ procedure, was much higher than th

in the tapes treated using the NC procedure. It is noted that using the IQ procedure ca
avoid unnecessary Bi-2223 phase decomposition and recovery and subsequently reduce

the sintering time. If the Bi-2223 did indeed decompose to impurity phase particles, th
these would influence the Bi-2223 grain alignment and degrade the Bi-2223 texture. If

there were any liquid phase present in the tape at sintering, then on quenching, the l
would be expected to be present as an amorphous phase. In this case, the amorphous
phase could return to liquid on re-sintering, which would be beneficial for Bi-2223
texture formation and in healing any micro-cracks arising from deformation in the
second sintering cycle. At the same time, A rapid Bi-2223 phase formation rate could
suppress impurity phase formation, so the volume fraction of impurity particles would
be expected to be smaller. XRD analysis revealed that the volume fraction of impurity
phases in the IQ tapes is much lower than in the NC tapes, although the NC tapes

revealed increased grain texture. These are necessary conditions to obtain high Jc tape
It was found that precursor powder with fPb.22i2

=

72.5% showed the highest Ic

with the shortest sintering time. Jc in these multifilamentary tapes reached 50 kA/cm2.
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phase in Ag-sheathed Bi-2223 tapes treated using the IQ and NC
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3.7.4. Summary
In this chapter, the effects of precursor powder on the Bi-2223 phase formation
and critical current density have been discussed. The results indicated that the Pb
distribution in precursor powder played an important role on Bi-2223 phase formation
kinetics. Jc was significantly influenced by Pb distribution in Pb-2212 and phase
composition in the precursor powder. Tapes made from precursor powder containing
72.5% Pb in the Bi-2212 phase, had the highest Jc with the shortest sintering time.
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Chapter 3.2
Homogeneity in multifilamentary PIT tapes

3.2.7. Critical current distribution in multifilamentary PIT tape
The homogeneity of Bi-2223/Ag tapes is very important and needs to be

improved to enhance the critical current density. Firstly, the characteristics that defi
tape homogeneity must be well defined. In monofilamentary tape, some authors have

suggested that the Jc distribution is not at all homogeneous inside the filament, but the

results are contradictory. Yamada et al [1] indicated that a correlation existes between
the density of Bi-2223 (determined by Vickers microhardness), and the local Jc value.

In particular, they claimed that Jc was at a maximum at the centre of the filament. Using
a different technique, where the Ag sheath was removed, Larbalestier et al [2] found
that in pressed tapes, strong Jc fluctuations can be present, and that small sections of

filament exhibit Jc values up to 5 times higher than the critical current density of who

filament. It is generally believed that, in Bi-2223 monofilamentary tapes, as the ceramic

interface area has a higher texture factor, then it must attain a higher current density
than in the central core region [3, 4], with the Jc at the core edge up to three times

higher than that in the middle core section. In multifilamentary tapes, a different cross

sectional morphology exists, with a result, a different flow distribution of the transpo
current [5-8].
The goal of the work reported in this chapter was to investigate the filamentary
current distribution inside Bi-2223/Ag multifilamentary tapes. This information was
then used to improve the homogeneity of multifilamentary tapes and enhance the
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critical current density. An explanation for the inhomogeneous Jc distribution will be

discussed in this chapter. Fine c-direction voltages observed in multifilamentary tape,

arising chiefly from inhomogeneous Jc distribution, will be analysed in Chapter 3.6, an
a method of improving homogeneity in multifilamentary tapes will be discussed in
Chapter 3.4.

3.2.2. Non-uniformity in the cross-section of thick tapes

19-filament Ag-sheathed Bi-2223 PIT tapes were prepared using a single restacking procedure. The tapes were heat-treated at temperatures in the range 835-843°C
for a total time of 100 hrs with intermediate cold rolling steps. The final tapes were
and 0.26 mm thick and 2.3 and 3.2 mm wide. In order to measure the Jc distribution of
filaments inside multifilamentary tapes, the samples were mounted and polished along
the width and thickness directions, without taking off the silver sheath. The critical
current was measured using the standard four-probe method, on tapes which were

polished to different thicknesses and widths. The critical current density was calculat
using the following formula:

Jen

=

( lcn-1

—

lCn ) ' ( "A-cn_i

—

Am )

Where J^ is the critical current density at thickness n or width n, Icn., and 1^, are

the critical current at point n, and prior to point n, at this thickness or width poin
A^., and Acn are the oxide core areas at the same corresponding thickness or width
points.
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Fig. 3.2.1. Results of current transport measurements versus width direction for
a 19-filament Ag-sheathed Bi-2223 tape with dimensions: 0.256mm
thick and 3.2 m m wide, (a) l-V curve at each width section, (b) critical
current at each width section, (c) normalised critical current density
at each width section.
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Fig. 3.2.2 Results of current transport measurement versus thickness direction
for a 19-filament Ag-sheathed Bi-2223 tape with dimensions: 0.256
m m thick and 3.2 m m wide, (a) l-V curve at each thickness layer, (b)
critical current at each thickness, (c) critical current density at each
thickness. The higher Jc area in the tape appears in the centre range.
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Fig. 3.2.3 A magneto-optical image of a 19-filament Ag-sheathed Bi-2223 tape
with dimensions 0 . 2 5 6 m m thick and 3.2 m m wide.

Fig. 3.2.1 shows the transport current as a function of width for a 19-filament
Ag-sheathed Bi-2223 tape (0.256 x 3.2 mm2). Fig. 3.2.2 shows the transport current as
function of thickness for a 19-filament Ag-sheathed Bi-2223 tape (0.256 x 3.2 mm2).

Fig. 3.2.3 shows a magneto-optical image of this tape. The magneto-optical observatio
is consistent with the current transport measurement results.

3.2.3. Non-uniformity in cross-section of thin tapes
The Jc distribution and magneto-optical image in a thin multifilamentary (0.12
mm thickness) tape was also studied using the same technique as mentioned in sections
3.1.1 and 3.1.2. Comparison of the Jc distribution characteristics in the width and
thickness directions are shown in Figs. 3.2.4 and 3.2.5 respectively. These results

indicate that the central sections of a thin tape had lower Jc than the edge layers, i

contrast to the results of the thicker tape. Thus, the Jc distribution in multifilamen
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PIT tapes is strongly dependent on the thickness and width of tape. T h e M O image

shows that the edge range has a higher Jc than the centre range, in a good agreement with
the current transport measurement results. This may be attributable to an increase in
micro-cracks or sausaging in the centre filaments, because these filaments were much
thinner than out filaments. These results also indicate that the homogeneity in
multifilamentary PIT tapes is strongly dependent on the aspect ratio of the
multifilamentary tape, which in turn was strongly dependent on the deformation and
intermediate deformation processing. It is important to reduce the tape thickness to as
small as possible while avoiding sausaging.
The experiments and analysis above, indicated that in thick tapes, the high Jc in

the centre is mainly due to the higher density in the central filaments while, in thin t
the lower Jc in the centre is mainly due to the formation of sauasging and cracks.
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3.2.4. Summary
The homogeneity of multifilamentary powder-in-tube (PIT) tapes has been
investigated by examining the magneto-optical image and current transport

characteristics. The results indicated that the homogeneity in multifilamenta

was strongly dependent on the thickness and width of tape and thereby, the de

processing. For a thick tape, the highest Jc area was in the central region, a

thinner tape, the highest Jc area was located near to the edge in the tape wid
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Chapter 3.3
Finite voltages along the c-direction of
multifilamentary tapes

3.3.1 Critical current distribution in multifilamentary PIT tapes
In recent years, m u c h effort has been expended in increasing the critical current
density and mechanical properties of Ag-sheathed Bi-2223 tapes [1-4]. The Jc in these
tapes is limited by the intrinsic factors of the Bi-2223 compound, such as short
coherence length and high anisotropy, and extrinsic factors such as grain alignment [5],
connectivity of individual grains [6] and Bi-2212 and Bi-2223 content [7]. The study of
current transport and characterization of composite materials in such Bi-2223/Ag tapes is
crucial before useful conductors can be m a d e for application, such as high power
transmission. V-I curves can be used to study the limiting factors of Jc. There is no doubt
that the local distribution of the parameters such as £, X, T c and Jc, within the tape
determines the overall transport current of the tape. S o m e papers discuss that the mass
density of the core over the cross section of the tape [8-14], the distribution of the self
magneticfieldgenerated by the adjacent superconductors carrying transport current [15]
and configuration inhomogeneity determine critical current density distribution. The
electric current flows through both the superconductor and the normal metal sheath (Ag),
which acts as mechanical support for the superconductor.
In this chapter, the results of I-V curve characterization with the voltage leads
attached to different positions of the tape are reported.
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3.3.2 Measurement

3.3: C-DIRECTION FINITE V O L T A G E S

IN

Multifilamentary TAPES

of finite voltage along the c-direction

Ag-sheathed Bi-2223 multifilamentary tapes were prepared by the well established

powder-in tube technique via a double packing route. The details can be found elsewher
[4,8]. The multifilamentary tapes investigated contained 27 filaments. At 77K, Ic was
measured by a four-probe method using an electric field criterion of lpV/cm. The

current leads were 20 mm away from the voltage leads in order to avoid the influence o

the current shunt effect [16]. Fig. 3.3.1 shows the current and voltage lead positions
the tape surface. When the voltage was measured using the leads in positions 1 and 2,
(put on the same broad face), critical current Ic,.2.was observed. In the same way, Ic3-4
was obtained with leads attached to the other broad face. The I-V curves using the
voltage leads 1 and 3, and 2 and 4 were also measured, in which case the voltages

obtained were AV,_3 and AV2^. Microstructural observation of the multifilamentary tape
was carried out using a Leica Stereo 440 SEM.
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Fig. 3.3.1. Schematic diagram of the current and voltage lead positions
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Fig. 3.3.2 shows the I-V curves of the multifilamentary tape, in which case the two

voltage leads are on the same broad face (1-2 and 3-4). From the curves we obtain that
Ici_2 — 4.6A and Ic3^,= 3.5A. It is noticed that

Ic^Ic^ (1)

Fig. 3.3.3 shows the I-V curves of the same tape. In this case, the voltage leads (1-3

and 2-4) are put on different broad faces. From the Figure, it can be seen that at the

beginning of the curve, the voltage is zero (region I). With increasing current, a fin
voltage appears (region II). The voltage increases up to a maximum and then drops
afterwards to zero region III.

3.3.3. Magnetic flux creep I flow model and a simplified electric netw
model

In the multifilamentary tape, the mass density of the core is inhomogeneous, caused

by the distribution of the shear stress over the deformation area during the drawing a
rolling process. Provided the critical current is proportional to the mass density of

core, the critical current density for each core may be different [8]. Fig. 3.3.4 show

microstructure of the transverse and longitudinal cross sections of the multifilament

tape. From the SEM image, it can be seen that (i) the dimension of the individual core

is not uniform, (ii) the filaments are not distributed symmetrically in the transvers

section and (iii) the homogeneity of the tape over the cross section 1-3 is better th
cross section 2-4.

83

CHAPTER 3.3: C-DIRECTION FINITE V O L T A G E S IN Multifilamentary T A P E S
In the following, the local self magnetic field, Bi(xi,yi,zi), of the multifilamentary
core is analyed. The magnetic field B^x^y^) is defined by

B ^ y ^ = jj_p

dv

(2)

V

where /(x,y,z) is the current density of eachfilament;r, and v are the coordinate vector

and volume, respectively. Eq.(2) demonstrates that the local self field of the filament
not equal. Because the filaments are located in different positions away the transverse

cross section of the tape, the filaments numbered as I = 1, 2,—, 27 have a different self
magnetic field environment when the tape transports current.
Thus, cores in a multifilamentary tape have different Jci. At 77K, HTSC has finite
flux creep. In this case, the electric field Ej of core i is

Ei=Pi-J, (3)

where pt and J, are the resistivity and current density of filament i, respectively. Sin

flux creep rate of each filament is different, p; is also different from filament to fil
As a result, the Ej of different filaments are not equal.
In the transverse cross section of the multifilamentary tape, the cores can be
classified into two groups, separated by a middle line parallel to the broad face of the
tape. Each group can be simplified by a large filament HTSC, and HTSC2, whose critical
currents are Ic,and Ic2, respectively (see Fig. 3.3. 5a).
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The current distribution in the tape using a simplified circuit network is illustrate
Fig. 3.3. 5b. Since the resistance of the interface between the HTSC and Ag sheath is

large, most of the current in the tape is shunted into the Ag sheath. In this experime
the current leads are far from the voltage leads (20mm), so we can effectively ignore
current distribution close to the current leads [16]. Based on Fig. 3.3. 5b, we have

1,2Ra+E,-x L = I2-2Ra+E2-L (4)
and
I = I, + I2 (5)
In the case that Ic in the two filaments HTSC, and HTSC2 is different, if Ic2>Ic, and

determine a voltage condition or use lp.V/cm, if the voltage leads are on the HTSC2 sid

then E2 = 1 ixV/cm and I2 = Ic2. From Eq.(4), we obtain E, > luV/cm, and therefore I, >
Ic,. From Eq.(5), we obtain Ic(HTSC2) > Ic, + Ic2. In the same way, when the voltage
leads are attached on the HTSC, side, Ic(HTSC,) < Ic, + Ic2. Thus, we have

Ic(HTSC,) y Ic(HTSC2) (6)

This means that when voltage leads are attached to different broad faces of the tape,
obtain different critical current density values. As a result, Ic,_2 * \zlA.
In describing the I-V curve properties when we attach the voltage leads to the
different broad faces. In this case the leads are symmetrical about the tape axis. In

3.3.5a, at the position Xa, V, and V3 are V, = I,R,+ E,Xa and V3 = 1^+ EjX,, as a result
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AV,3 = V, - V3 = Ra (I, -12) + Xa(E, - E2) (7)

from E = pJ and J = I/S, we obtain E = lf(p,S) and I = EF(p,S), p and S are the resis

and core area of the tapes, where F and/represent the functions of the parameters p a
S, thus we have
AV13=(E,-E2)[Xa+F(p,S)RJ (8)
and
AV13=(I,-I2)[Ra+X^p,S)] (9)
E in the filaments is not equal, i.e. E,*E2, therefore V,*V3 and V2*V4.
When the filaments are all in the dissipation-free state, the current flows into the
filaments and E,« 0. Therefore, E, * E2, and AV13« AV24« 0. From Fig. 3.3. 3, we find

that the relevant current value for this part ranges from 0 to 2.5A (Part I). When th

dissipation begins in the filaments, E, * E2, and AVI3 * 0 and AV24 *• 0. With increas

current, the electrical field difference AE (= E, - E2) increases (Part II). The cur

is from 2.5A to 10.6A. We believe that this is caused by the current redistribution
the filaments.
When the filament enters the flux flow state, taking curve 1-3 as example, the Ag
sheath acts as a current shuts and, Eq. (7) becomes

AV13 = (I, - LJ^R,, F^, K, XJ(p,S)] (10)

where <Z> is a function of R,, Rb, Rc and/ According to Eq. (10), when most current f
through the Ag sheath, I, -> I2 or (I,-I2) -*» 0 and therefore AV,3 -> 0 (Part III).
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The I-V curve in Fig. 3.3.3 reflects on the process of flux creep and flux flow. Using
this phenomenon, we can diagnose the homogeneity distribution of the filamentary

structure. In region II, the I-V curves contain two peaks, which may have some phys
implication. Further work is under investigation in order to understand it.
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3.3.4. Summary
In this chapter the I-V characterization of multifilamentary tape is reported.

voltage has been detected when placing the leads on opposite broad faces. A the

analysis using simplified electric networks is given. The voltage arises from a

uniformity of Ic in the filaments. This work indicates that the homogeneity of t
filament density may play a role in Jc enhancement of Bi2223 tapes.
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Chapter 3.4
Optimal reduction in rolling Bi-2223/Ag
multifilamentary tapes

3.4.1 Introduction
Significant improvements have been m a d e in the fabrication of long length A g sheathed Bi-2223 tapes to the extent that a number of practical demonstrators suitable as
forerunners for applications in electrical engineering systems are being m a d e utilising
these tapes. The successful utilisation of Ag-sheathed Bi-2223 tapes in large scale
engineering applications depends on their transport current properties and mechanical
durability. In Bi-2223 tapes, those properties relate to the uniformity in the ceramic core
and the smoothness of the Ag/oxide interface. It is k n o w n that Bi-2223 crystals align at
the Ag-ceramic interface; e.g. Luo et al and Feng et al [1,2] observed using T E M ,
preferential orientation of the Bi-2223 a-b plane at the silver surface. However, the
interface morphology is strongly dependent on the cold-working procedure during tape
fabrication. A review on mechanical deformation of BiSrCaCuO/Ag composites has
been published [3], The stress situation in rolled single and multifilamentary Bibased/Ag tape has been analysed by Husek et al [4,5]. A

manifestation of

inhomogeneous deformation is conventionally called "sausaging". H a n et al [3]
qualitatively explained sausaging, by defining a powder critical density in the core,
above which, powders were unable to flow freely. Factors present in the PIT process
complicate the calculation of the cold working instability; e.g. A g ratio, pass reduction
and total reduction in area, and further studies are required to clarify the sausaging effect.
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Willen et al [6] and Korzekwa et al [7] investigated the effect of the deformation route
(pressing or rolling) on sausaging and also on micro-crack patterns formed during
deformation. They found that a greater core geometric uniformity was achieved by using

smaller diameter rolls during the initial reduction of the round wire into a flat tape,
results depending on the friction, reduction per pass and other factors. The effect of
homogeneity (density) on final Jc has been presented by Kovac et al [8]. It was shown
that small reduction per-pass leads to low density and not very homogeneous Bi-2223
core while a high reduction per-pass produces highly dense ceramics especially at the
core centre.
In the previous two chapters, the homogeneity and its effect on properties in Bi2223/Ag tapes were discussed. In this chapter, the results of an investigation into
improving the homogeneity and improvement in the final transport currents density in
multifilamentary Ag-sheathed Bi-2223 tapes fabricated using different rolling
procedures are presented.

3.4.2 Optimal reduction procedure of
Precursor powder with a nominal chemical composition of
Bi1.8Pbo.35Sr,.9.Ca2.o5Cu3.o60x with Bi-2212 as the major phase, was used to fabricate
Ag/Bi-2223 tapes. The average particle size of the powder was 3 ± 1 um. This was
packed into silver tubes (10 mm OD and 8.5 mm ID), yielding a final powder density of
2.5 g/cm2 . The composite was then drawn down to a wire using a drawing reductionper-pass in the order of 5 % to a final diameter of 2 mm OD. Multifilamentary tapes

were fabricated using a single re-stacking procedure. Two deformation routes were then

C H A P T E R 3.4: OPTIMAL REDUCTION IN ROLLING MULTIFILAMENTARY T A P E S

used to roll the wires into tapes. One was defined as constant rolling per-pass (CR), th
second as increasing rolling reduction (IR), a procedure that was carried out by

gradually increasing the reduction-per-pass. The tapes were sintered at 841°C for a tot
time of 100 h with an intermediate rolling stage at 50 h. The critical current of the
samples was determined by a four-probe resistivity technique at 77 K with a voltage

criterion of 1 u.V/cm. All of the results presented in this chapter are for rolled tapes
Optical microscopy and scanning electron microscopy (SEM) were used to determine
the transverse and longitudinal sectional homogeneity in the tapes.
Fig. 3.4.1 shows a plot of the changes in tape width vs thickness for an 81-filament
tape formed by both the CR and IR rolling procedures using 40 mm diameter rollers.
The individual data points correspond to single passes in the rolling operation.
Comparing the two procedures, the CR reduction-per-pass was in the order of 5 %, and
the IR reduction-per-pass increased gradually from 3 % to 30 % per pass.
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Fig. 3.4.1. The changes in tape width vs thickness for 81-filament tapes with 40
m m rolls. The individual data points correspond to single passes in
the rolling operation.
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3.4.3 Microstructure and properties of rolled tapes
Two long length Ag-sheathed 81-filament Bi-2223 tapes using both the CR and
IR procedures were fabricated to compare the effect of two procedures on final

transport currents, and the resulting Ic homogeneity along each 12 m length is shown

Fig. 3.4.2. In Fig. 3.4.2, HTi and HT2 indicate measurements after the first and seco

sintering stages and including an intermediate rolling stage, respectively. After HT
Ic was found to be very uniform within ± 2.5% for IR tapes, and within ± 5% for CR

tapes. The Ic of the IR tapes was higher than that in the CR tapes at HTi as shown i
Fig. 3.4.2. After HT2 and an intermediate roll, the inhomogeneity in the tapes made

using both procedures increased slightly to ± 5% for the IR processed tapes and ± 7.
for the CR tape. The Jc values were 12000 A/cm2 (Ic = 16.5A) for the 12 m CR tape
and 16000A/cm2 (Ic = 20.3A) for the IR tape respectively. The average Jc of values
were 25000A/cm2 for the short CR sample and 31000A/cm2 for the short IR sample
respectively. Another 53m long length 50-filament tape was fabricated using the IR
procedure, the Jc value (overall length) reached 21000A/cm2. The Jc value was
36000A/cm2 for the short sample. Comparing the effect of two rolling procedures on

final transport currents in 28-filament tapes fabricated using both the CR and the I
procedures, the similar results are obtained.
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The Jc measured in multifilamentary PIT tapes are complex, and are related to

the overall grain, texture, density, phase distribution, structural defe

boundaries of the ceramic core. It is generally found that the factors t
homogeneity in the tapes, also improve the Bi-2223 content in the core,

necessary for a high Jc. Rolling parameters influence the density distr

Bi-2223 core very remarkably and core homogeneity has apparent effect o

values. The effect of core homogeneity (density) on final Jc has been pr

Kovac et al [7]. It was shown that small reduction per-pass leads to lo
very homogeneous Bi-2223 core while a high reduction per-pass produces
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ceramics especially at the core centre with large difference between the edge and the
centre. The highest Jc (nearly two times higher) was obtained for optimal rolling
reduction.
Rolling parameters influence the density distribution inside the Bi2223-core
very remarkably and core homogeneity has an apparent effect on final Jc values. The
texture of the filaments also influence the current carrying capabilities [9, 17]. The
alignment of the Bi-2212 precursor powder influences on the formation of the texture
of Bi-2223 phase during later annealing [16-18]. In the IR deformation procedure, the
shear stress on the oxide core is gradually increased in order to allow powder to flow

freely, this enable the IR tapes to have better textured filaments after final mechani
deformation.

Fig. 3.4.3 Cross-section micrographs of 81-filament tape deformation process
from 2 m m O D round wire to 0.16mm thickness tape using C R
process
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Fig. 3.4.4. Cross-section micrographs of the 27-filament tapes m a d e with (a) C R
procedure and (b) IR procedure.

Fig. 3.4.5. Cross-sectional micrographs of (a) a 81-filament Bi-2223/Ag tape
m a d e with the C R procedure, (b) a 81-filament tape m a d e with the IR
procedure and (c) a 50-filament tape m a d e with the IR procedure.
Fig. 3.4.3 shows the deformation in an 81-filament PIT tape after rolling from a
2 mm OD round wire using the CR process. This exemplifies that the central filaments

experience a different deformation than the edge filaments surrounding the central core
Rolling resulted in an extension of the tape along the rolling (a-b plane) direction.

Rolling theory shows that there are different stress states at different positions alon
c-axis direction of the tape. These stress states can be separated into shear and load
stresses. The centre of the composite (at the core) is more likely to experience a high

load stress, while the tape edges are more likely to experience a high shear stress. Th
different stress states are used to explain the results using CR and IR techniques. The
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stress situation in rolled single and multifilamentary Bi-2223/Ag tapes has also been
analysed by Husek et al [3,4].
Fig. 3.4.4 shows cross-sectional micrographs of a 28-filament Bi-2223/Ag tape
made with (a) the CR procedure and (b) the IR procedure. Fig. 3.4. 4 shows that the
non-uniform deformation in the tapes arising from deformation using the constant
rolling per-pass procedure again, leads to a higher deformation force in the central

filaments than in the peripheral filaments. This is especially noticeable in Fig. 3.4
in the deformation occurring at the edge filaments. However, the filamentary cross
section of the IR deformed tapes was more uniform as shown in Fig. 3.4.4 (b). Similar

cross-sectional micrographs characteristics of a 81-filament Bi-2223/Ag tape and a 50
filament Bi-2223/Ag tape which made with both the CR procedure and the IR
procedure were shown in Fig. 3.4.5.

3.4.4 Improvement of homogeneity
Optical microscopy was used to determine the pore, density and void size in the
core from polished transverse cross-sections of Ag-sheathed multifilamentary Bi-2223
rolled tapes. Fig. 3.4.6 shows optical micrographs comparing the porosity of the
filamentary cores near the edge of CR deformed tapes and IR deformed tapes. The
higher dense the core is, the more white the optical micrograph appears. The
filamentary cores near the edges of the CR deformed tape contained a higher number of
pores, while the filamentary cores near the edge of the IR deformed tape was denser,
with fewer and smaller sized pores. During rolling, the tape edge filaments clearly
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undergo a more uniform deformation using the IR procedure than in the CR procedure,
resulting in a more effective compaction stress and densification of the ceramic.
In Bi-2223 monofilamentary tapes, the ceramic interface has been shown to

achieve a higher texture and attain a higher current density than that face in the centra

core region [8-10]. It has been reported that the Jc at the core edge is up to three time
higher than that at the middle core section. Blumenthal et al [11] showed that for the
same thickness and area strain, tapes subjected to a high shear stress show the highest
Jc values. These data support the concept that a high a-b plane stress can increase the
texture in the Bi-2223 core [12], and thereby improve Jc substantially. However, there
is a different cross-sectional morphology between monofilamentary and
multifilamentary tapes, and as a result, there exists a different distribution in the

transport current flowing in multifilamentary tapes [3,4, 7, 13]. Along the cross-sectio
of monofilamentary tapes, the density of the ceramic in the centre is lower than that
near the silver interface, but in multifilamentary tapes, the density in the centre of
filaments is higher than that surroundary filaments.
The non-uniform stress distribution in a rolled work-piece may cause a non-uniform
deformation in a multifilamentary tape when it is processed using conventional rolling.
The filaments at the centre (low a-b plane shear layer) may be already subject to such a
strain value that micro-cracks develop in the filaments near to the rolling surface and
the edges of the tape (in the high a-b plane shear region) even though not enough force

has yet been applied to achieve the desired texture and density. Attention should be paid
to this problem when choosing the processing parameters to manufacture rolled
multifilamentary tapes. Low density filaments not only reduce the current-carrying area
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directly, but also show different sintering kinetics during any subsequent heat-treatment,
both of which can degrade the Jc performance.

ta j

mSRtyyyymia^^

Fig. 3.4.6. Porosity of filament cores near the edges of the C R tape and IR tape

i«J

wmmmm

Fig. 3.4.7. Longitudinal homogeneity of (a) the C R tape and (b) the IR tape.
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Fig. 3.4.7 compares the longitudinal homogeneity of (a) CR and (b) IR

multifilamentary tapes. The longitudinal homogeneity of the IR tape is better than that

seen in the CR tape. The analysis of factors that control the uniformity of filaments a
suasaging has been published by Willen et al [6]. They have discussed the effect of
reduction rates during flat rolling on the uniformity of filaments and suasaging.
According to the powder-flow model of Han and Freltoft [3], powder flow will cease
when the friction between the grains is equal to the driving force on the powder and

thereby, the powder density will reach a critical value. During practical cold-working,

the powder doesn't stop flowing in reality, but increases in density to such a value th

the resistance to the powder flow force is enough to overcome the yield strength of the
sheath material, which then deforms more compared to the core, and causes the
sausaging effect. So, in order to overcome any powder flow resistance and sausaging,
the sheer strain on the powder must be successfully transferred though the sheath

material and any area reduction must be such that, the powder is allowed to flow freely
Zeimetz et al [15] showed that sausaging in rolled Bi-2223/Ag tapes depended on
the deformation parameters during mechanical processing, but not on the state of the

"green" the tape itself. My investigation shows that sausaging strongly depended on the
shear strength of the sheath material (this is dependent on the Youngs Modulus and

related to the thickness of the sheath material) and also to the ability of the Bi-2223
powder to flow freely (this is related to the particle size distribution and the core
dimensions). The sausaging effect has also been claimed to be reduced by decreasing
the annealing temperature and time [14]. This can be explained by an increased sheath
strength from normal work-hardening. In IR deformation procedure, the shear stress on

the oxide core is gradually increased in order to allow powder to flow freely and this,
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along with no intermediate annealing improved the sheath material's strength. The
longitudinal uniformity was improved such that, for 81-filament tape, no suasaging
along 0.16 m m thick tapes was seen as shown in Fig. 3.4.7 (b).
The rolling process has to be optimised with the aim to reach the homogeneous
deformation of eachfilament(high dense, homogeneous deformation of each filament,
well textured) in multifilamentary Bi-2223/Ag tapes. From m y experiments, the IR
routefillsthese demands better than that C R one.

3.4.5. Conclusion
A n optimal IR deformation procedure has been developed in order to improve the
interfacial homogeneity of PIT tapes by gradually increasing the reduction-per-pass
during rolling. B y increasing the reduction-per-pass during rolling, the stress in the tape
was more uniform. This reduction procedure improved both the transverse and
longitudinalfilamentaryhomogeneity and reduced the sausaging effect. A n improved
more uniform Jc was observed in long length tapes fabricated using the IR procedure,
than in those fabricated using a constant per-pass rolled route.
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Chapter 3.5
Formation mechanism and development of
grain texture in Bi-2223/Ag PIT tapes

3.5.1 Introduction
High critical current densities at 7 7 K have been reported for Bi-2223/Ag tapes [14]. These values n o w approach the level needed for technological applications, and a
great deal of effort has been expended in studying the Jc-limiting mechanisms. O n e of the
main factors is poor connectivity between the oxide superconducting grains. A vital
aspect of overcoming this problem is to develop highly textured grains in Ag-sheathed
tapes [5-8]. T w o models for the Bi-2223 formation mechanism, intercalation and
nucleation and growth, suggest different dependencies of the resultant Bi-2223 grain
texture on the precursor Bi-2212 texture [5, 9, 10]. There are some experimental
evidences supporting all these mechanisms, and there is still a controversy over which is
the correct model, or whether both processes occur simultaneously [11-17]. Intercalation
suggests that the Bi-2212 grains serve as a grain-by-grain template for Bi-2223
formation, and thus the grain texture before and after reaction should be similar. A
nucleation and growth formation mechanism suggests that the liquid phase at least
partially dissolves the Bi-2212 grains, and that the Bi-2223 grains are nucleated from this
melt. However, the disc-like grain morphology of both Bi-2212 and Bi-2223, their
anisotropic grain growth and the high aspect ratio of the fine filamentary tapes can also
influence the Bi-2223 texture, making interpretation of texture changes difficult. There is
evidence which indicates that starting with partially-reacted powder (mostly Bi-2212 and
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non-superconducting phases) can lead to higher Jc values than with fully - reacted po

(mostly Bi-Bi-2223). Any liquid phase produced during Bi - 2223 phase formation leads

to a better connectivity of the grains and may thus increase the Jc values. In this ch
the formation mechanism and the development of Bi-2212 phase texture and Bi-2223

phase texture are studied using X-ray diffraction (XRD), scanning electron microscope
(SEM) and transmission electron microscopy (TEM).

3.5.2 Preparation and characteristation of precursor powder

Bil8 Pb04 Sr20 Ca22 Cu30 Oy was prepared by mixing high-purity stoichiometric of
Bi203, PbO, SrC03, CaO and CuO powders. The mixture was ground, calcined at 810°C

for 24 h and then put into silver tubes. The composites were swaged, drawn and rolled
into tapes. The tapes were heat-treated at 835°C and individual samples were removed

and quenched after pre-selected heat treatment times for characterisation. The sample
after sintering for 100 h were uniaxially pressed at ~2 GPa and then re-sintered for
further 100 h. The multifilamentary tapes were prepared using double-pack method.

Critical current in the tapes was measured using a four - probe method with a voltage

criterion of 1 uv/cm. The texture analysis and microstructure observations were carri
out using XRD, SEM and TEM.
Fig. 3.5.1 shows a SEM image of a plate-like Bi-2212 particle present in the
precursor powder. Fig. 3.5.2 shows the XRD pattern of the precursor powder before
packing into the silver tube. Figs. 3.5.1 and 3.5.2 show that the precursor powder

consists mainly of Pb-containing Bi-2212 disc-like particles (-10 Lim) and fine oxide
powders containing Ca and Cu. The precursor powder was fractured by subsequent cold-
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working. Fig. 3.5.3 shows a T E M image of the powder in tape after cold-working. The

Bi-2212 grains are orientated with grain sizes approximate about 1 to 2

Fig. 3.5.1. S E M image of plate-like Bi-2212 particle in precursor powders
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Fig. 3.5.2. X - ray diffraction pattern of the precursor powder.
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Fig. 3.5.3. T E M image of powders in the tapes after cold-working.

The texture was measured from the XRD patterns, using texture parameters, F2223,
defined as

F2223= loOlO'V lo010+ ^115 ) «• 1

where 1(008), 1(0010), and 1(115) are the heights of the (008), (0010), and (115)
diffraction peaks of the corresponding Bi-2223 phase. The XRD patterns show the
structural characteristics of the ceramic surface.

3.5.3 Formation kinetics of Bi-2223 texture in PIT tapes

Fig. 3.5.4 shows XRD patterns of the precursor powder in the silver tube at the as -

rolled stage and the Ag-sheathed Bi-2223 tapes at different sintering stages (835°C

to 200 h). F2212 in the precursor powder was calculated as 0.27 using data from Fig.

F2212 calculated from Fig. 3.5.4, was found to increase to 0.73 after cold-working an
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reached 0.93 after 30 h sintering. In the same way, F2223 at different sintering sta

also calculated from Fig. 3.5.4. Table 3.5.1 shows F22]2 and F2223 in tapes at different

sintering stages, where P denotes intermediate pressing and f2223 is the Bi-2223 con

formed. Table 3.5.1 also shows that the Jc in Ag-sheathed Bi-2223 tapes increases wit
the increasing of F2223. The Jc in the tapes was measured at 77K and OT.
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Rg. 3.5.4. X R D patterns of the oxide in the tapes as-rolled and at different
sintering stages (835°C, 10-200 h)
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Table 3.5.1. Texture factor F of the tapes at different sintering stages
Jc((104A/cm2)

sample n a m e

sintering time

P

powder

0.27

a

as-rolled

0.73

b

lOh

12%

0.2

0.89

0.77

c

30 h

28%

0.5

0.93

0.86

d

100 h

87%

1.12

e

100 h + P

86%

f

lOOh + P + l O O h

90%

^2223

F2212

F2223

0.90
0.87

3.56

0.91

The microstructural development of tape samples during the entire heat treatment
process was investigated through SEM observation. Figs. 3.5.5 (a) to (f) shows SEM

micrographs of the cross-section of tapes at different sintering times. In order to pr

a more comprehensive picture of the sample's microstructure, the observations were al

made from the top of the fractured surface after peeling off the upper sheath of the t

Figs. 3.5.6 (a) to (f) show SEM micrographs of the surface after removing the tape uppe
sheath after different sintering times. From Figs. 3.5.5 (a) and 3.5.6 (a), the grain
morphology of the sample is an assemblage of individual, randomly-oriented granular
particles before the heat treatment; no preferential grain orientation and poor grain

connectivity were observed. However, Bi-2212 crystallites were fractured and their gra

size reduced during the cold-working. With the first sintering at 835 °C for 10 h to 30
the grain size of Bi-2212 grew from 1-2 um to 20 um. F22i2 increased from 0.73 to 0.93,
and at the same time, Bi-2223 was formed via grain growth. F2223 increased from 0.77 to
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0.86, and the Bi-2212, phase content increased from 1 2 % to 5 8 % . With increasing heat-

treatment time to 100 h, the Bi-2223 content (f2223) increased to 87% and F2223 in
to 0.90.

7¥

1823

(a)

28KU

l@Mra WD39

(b)

(C)

(d)

(e)

(f)

Fig. 3.5.5. S E M micrographs of the surface of the tapes at different sintering
time.
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(a)

(b)

Fig. 3.5.6. S E M micrographs of cross - section of the tapes at different sintering
time

The intermediate deformation (pressing or rolling)fracturedthe Bi-2223 grains,
improving the density and the texture of the central core. However, the surface F2223

decreased to 0.86 as observed in Figs. 3.5.4 (e) and 3.5.5 (e) and Table 3.5.1. After
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second sintering stage at 835°C for 100 h, the grains became well-connected and F2223
reached 0.91.

3.5.4. Bi-2223 phase and texture formation in multifilamentary tapes
In multifilamentary tapes, the Bi-2223 phase formation mechanism and

development of grain texture is the same as single filamentary tapes. But the speed o

phase formation and grain texture is faster in the former than in the later due to th

interface area in the former. Fig. 3.5.7 shows XRD patterns of the precursor powder i

the multifilamentary tape at the as - rolled stage and the Ag - sheathed Bi-2223 tape

different sintering stages (-30 h). Fig. 3.5.8 shows phase percentage and texture fac
in multifilamentary tapes at different processing stages. Phase percentage f2212 and

and textures F22I2 and F2223 were calculated from Fig. 3.5.7. It was found that the F2212
have increased to 0.47 after cold-working, reached 0.92 during ramp and reached 0.96
after 30 h sintering. F2223 increased to 0.92 during ramp and reached 0.92 during ramp
and reached 0.97 after 30 h sintering. The percentage of Bi-2212 first increased and
decreased, but f2223 increased at different speed at different sintering stage. These

illustrated that the grain texture has almost reached the maximum value during ramp a
did not depend on the phase percentage.
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Fig. 3.5.7. XRD patterns of the oxide in the tapes as-rolled and at different
sintering stages (841 °C, 0-30 h).
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different processing stages

3.5.5. Formation mechanism
and development
sheathed Bi-2223 tapes

of grain texture in Ag-

It was noticed that there were two mechanisms for texture formation of Bi-2212.
One is cold-work deformation texture formed in the cold-working stage such as drawing
and rolling. During the cold-working stage, the Bi-2212 plate-like structure in the tube
can flow, rotate orfracture,and when the strain or density to be reached to some critical
value, m a y be broken along the plates which then m a y slide almost each other. In this
way, the micaceous Bi-2212 grains could arrange themself along the a-b plane of the
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tape. This has been identified by other workers [2, 12]. A schematic representation of
formation process of Bi-2212 during cold-working stage is illustrated in Fig. 3.5.9.

large particles are Bi-2212 grains and the small particles are Ca or Cu oxide powders.

Fig. 3.5.9. Schematic illustration of the formation of Bi-2212 cold-working
texture.

Another possible mechanism is the epitaxial-melt texture formed during the first

sintering stage. Bi-2212 is rapidly-textured by a liquid phase during Bi-2223 formation

The rapid alignment of Bi - 2212 platelets at this early stage of treatment is believe

be related to the presence of a liquid phase in the composite. It has been recently sho
in the high temperature XRD pattern of pressed powders that Bi-2212 peaks disappear
and then re-appear, showing aligned Bi-2212 platelets as the temperature was raised
[13], which recently was explained by Wang et al [9]. In this work, strong texture was

observed at this stage and the grain size grew from 1 um to 10 pm, with F2212 increasing
from 0.73 to 0.93.
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Fig. 3.5.10. T E M micrographs of Bi-2223 phase grain formed on Bi-2212 grain.

(a)
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(b)
Fig. 3.5.11. T E M micrographs of Bi-2223 grains (a) near the Ag/oxide interface
and (b) the centre of the tapes

(a)
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(b)

Fig. 3.5.12. TEM micrographs of angle relationship between Ag {111} face and
(001) face of the Bi-2223 crystal, (a) the angle is 21° and (b) is
23.5°.

For the formation of textured Bi-2223, there are two potential mechanisms (i)
intercalation [9, 10] and (ii) nucleation and growth [11]. These suggest a different
dependency of the resultant Bi-2223 grain texture on the precursor Bi-2212 texture.

results of this work do not provide direct evidence for either mechanism, but illust

that the Bi-2223 texture is high as soon as the precursor transform to Bi-2223. Bi-22

forms first on the cold-worked deformation-textured Bi-2212 grain and then from as an

epitaxial-melt textural Bi-2212 grains. F2223 increased from 0.73 to 0.93 after the f

sintering of 100 h as it inherited the Bi-2212 grain texture. The texturing process w
complete before the start of Bi - 2223 formation, which shows an intercalation-type
mechanism. Fig. 3.5.10 shows a TEM micrograph of a Bi-2223 grain formed on a Bi2212 grain.
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Another characteristic of the Bi-2223 grains in Ag-sheathed Bi-2223 tapes is that

the texture decreased from the Ag interface to the centre of the tapes. This characteri

can also be attributed to the deformation of the Bi-2223 precursor of tapes [14,16], thi
Bi-2223 formed on the Bi-2212 grains inherits this characteristic. Fig. 3.5.11 shows
TEM micrographs of Bi-2223 grains (a) near the Ag/oxide interface and (b) at the centre
of a tapes. The Bi-2223 grain are more aligned near the Ag/oxide interface than in the
tape centre. TEM observations have identified that the Ag crystal orientation is not
related to the superconductor crystal orientation. There are several angles between the
Ag (111) crystal micrographic face and the Bi-2223 (111) crystalloid in the Figure, eg.
15°, 21°, 23.5°. Fig. 3.5.12 shows a TEM micrograph of the angular relationship
between the Ag (111) face and the Bi-2223 phase (001), when (a) 0 = 21° (b) 0 = 23.5°.
The Ag/oxide interface provides a large surface area to decrease the melting point and
accelerate Bi-2212 phase formation and alignment.

3.5.5. Summary
Cold-work deformation during the fabrication process induces a texture in Bi-

2212 grains in the Bi-2223 precursor powder with a texture factor of F2212 = 0.73. During
the subsequent heat treatment, Bi-2212 rapidly forms via a melt growth and with strong
epitaxial texture F2212 = 0.93. Bi-2223 forms on the Bi-2212 grain surface, with the Bi2223 phase texture largely inherited from the Bi-2212 texture. On first forming, Bi-

2223 texture factor F2223 = 0.77 and increases to F2223> 0.9 with increasing heat treatm
time. Bi-2223 texture shows a small increase after the intermediate deformation and

subsequent heat treatment stages. In multifilamentary tapes, the Bi-2223 phase and grai
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texture formation speed is faster than that in single filamentary tape.
has almost reached the maximum value during ramp and did not depend on
percentage.
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Chapter 3.6
A n e w method to substantially reduce the processing
time of Bi-2223/Ag Tapes
3.6.1. Introduction
Fabrication of Ag/Bi-2223 tapes usually entails multi-step cycles often requiring
a total annealing time up to several hundred hours [1-3]. This tedious process is very
undesirable for large-scale production. It is believed that the Bi-2223 phase formation
rate is as important factor determining the annealing time, and this is also related to the
phase assemblage and nominal stoichiometry in the precursor powder (e.g., Pb
distribution in the precursor powder has been found to have a significant effect on
sintering temperature and time in thefinalBi-2223/Ag composite [4]). For a tape m a d e
from a precursor powder containing Pb-free Bi-2212 as the major phase, a low sintering
temperature and long sintering time is required, whereas a higher sintering temperature
and shorter sintering time can be used for tapes m a d e from a precursor powder with Pb2212 as the major phase [5]. B y incorporating Pb into the Bi-2212 phase in the precursor
powder, the total sintering was reduced to 100 h [4,6].
T o further reduce the sintering time, knowledge and information on the phase
transformation during heating and cooling are required. In recent work, a tape quenched
at 840°C at the end of 2 nd thermal cycle (HT2) contained a higher Bi-2223 phase volume
fraction along with small quantities of Bi-2201, butfreeof Bi-2212 [7,8]. In contrast, a
slow cooled tape contained about 1 0 % volumefractionof Bi-2212 phase and some 3221
phase [7,9]. A two-step sintering process has been used to improve the critical current
density (JJ of the tapes since an annealing stage at 810°C to 820°C at the end of H T 2 can
•

— —

'

"
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convert any Bi-2201 into Bi-2212 from the conversion of Bi-2223 and any other
impurity phases [10] (when cooling below 800 °C, Bi-2223 decomposes to 3221 [11]).
These results indicate that a high fraction of Bi-2223 may have already formed during
the 1st thermal cycle (HTI), and that it may have decomposed during the multi-step
heating and cooling. It should be pointed out that the decomposition products may not
easily recovered in any subsequent thermal cycle, since the decomposition of Bi-2223
may be irreversible. As a result, the prolonged multi-stage processing leads to a

complicated phase assemblage in the tape, with an indeterminate volume fraction of Bi2223.
On the basis of this understanding, a new processing schedule was proposed, in
which the tape is quenched from sintering temperature, pressed or rolled and then

quickly re-heated to the original temperature after HTI. In this process, any unnecess
phase decomposition and recovery stage are avoided. The intermediate pressing or
rolling stage is required to improve the ceramic density and microstructural texture.

3.6.2 Intermediate quenching (IQ) method
Ag/Bi-2223 tapes were fabricated using the powder-in-tube method [7] involving

two or three thermo-mechanical cycles with intermediate pressing. A two-step sintering
procedure was also used in the final thermal cycle for some tapes [9].
Using the new technique, tapes were quenched at the end of HTI (and HT2 if

three cycles are used), pressed and then quickly reheated to the sintering temperature
For comparison, some tapes were treated using a previously used schedule, where the
tape was cooled at 2 K/min after HTI, deformed and then re-heated to 840°C using a

heating rate of 2 K/min. The sintering time in the range of 5 to 50 hrs was used for e
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cycle in order to study the effect of sintering time on Jc. In this work, 37- and 81filament tapes were used to study the effect of the number of filaments.
Phase composition in the tapes was determined using XRD. Ic was measured
using a four-probe method with lpv/cm criterion. Jc-H dependence was determined in
applied fields parallel and perpendicular to tape plane directions.

3.6.3 Properties oflQ tapes and the reduction of processing time
Table 3.6.1 shows a comprehensive breakdown of the thermal processing
schemes used in the experiments. In Table 3.6.1, the sintering times is shown by t„

where n = no. of thermal cycle and t is number of hours for heat treatment. Also in Tab
3.6.1, NH and NC = normal heating/cooling rates of 2 K/min, QC = quenching and QH

= rapid heating (achieved by directly placing the tapes into furnace held at the sin

temperature). Since all the tapes have the same cross-section area, Ic values were used
for comparison purposes. Tapes 16 to 18 and 22 to 24 were processed using the normal

process with total sintering time of 80 to 100 hrs and their Ic values (average =19.6 A

were used as a reference to assess the effect of intermediate quenching and rapid he
stages.
Tapes 7 to 9 were processed by quenching after the first sintering temperature,

with total sintering time of 30 h. The average Ic was 19.03 A and was equivalent to the

Ic value expected for tapes processed using a conventional process route for a sinte
time of 100 h. This indicates that the sintering time can be reduced from 100 to 30 h
which is most desirable for large-scale production. Tapes 1 to 3 were processed using
three sintering steps with two intermediate quenches encompassing a total sintering
of 30h. The final average Ic = 17.28 A, was lower than the average value observed in
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conventionally processed tapes. There was no annealing step at 825°C in this procedure.
A low temperature annealing at 825°C has been found to be important converting any
residual liquid and second phase to Bi-2223, thereby improving the overall Ic. Evidence
for this is shown by tapes 10 to 12 (average Ic = 20.23A) which were processed using
three sintering stages, but included a low-temperature annealing step at 825°C for 30 h.
Similarly, tapes 19 to 21 processed using the intermediate quenching process, a
have lower Ic (16.46 A) since there is no low-temperature annealing at the end of the
final thermal cycle. In contrast, tapes 10 to 12, which were processed using two
intermediate quenchings and three cycles, showed a higher average Ic (20.23 A) because

a low-temperature annealing at 825 °C for 30 h was applied at the end of the last thermal

cycle. These results confirm the important role of a low-temperature annealing at the e
of the last thermal cycle as reported previously [7,8].
Selected Ic versus time for the first cycle and second cycle are shown in Figs.

3.6.1 and 3.6.2 respectively. After 1st cycle, the Ic value for tapes with an intermedia

quench followed by a rapid heating step increases with total sintering time, but overal
is lower than Ic found in tapes processed using a normal cooling and slow heating rate.
This may be because the quenching stage causes anionic non-stoichiometry from oxygen
deficiency and micro-cracks in the tape. It is striking to note, however, that after the
second heat treatment stage, the Ic value for an intermediate quenched (with a total
sintering time of only 30 hrs) was virtually the same as that for a conventionally
processed tape with total sintering time of 100 hrs. From Fig. 3.6.2, tapes with an
intermediate quenched stage showed a final Ic value that was nearly constant for total
sintering times above 30 hrs.
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Fig. 3.6.3. XRD patterns for 37 filamentary tape treated using both quench and
normal procedures.

—r-•—i—

35-

•
•

30•

25-

•

D
•

•
•

•

81-Filamentary Tapes [j
<

•

a

•
•

•

201510&
A

5A

*
^

1st Q C
1st NC

•

2 nd IQ

D

2nd NH

-

«•

n10

20

30

40 i50

60

70

80

90 100 110

Total Sintering T i m e (hrs)

Fig. 3.6.4. Ic versus sintering time for 37 filamentary tapes treated using both
quench and normal procedures.

130

CHAPTER

3.6 A N E W M E T H O D T O R E D U C E THE PROCESSING TIME O F Bi-2223/Ag T A P E S

81F30h
f =094
2223

15

20

25
30
Tv^D-^^^eta(Dt^grees)

35

40
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Fig. 3.6.3 shows X R D patterns for 37 filamentary tapes processed using the new

and normal processes after the 1st heat treatment. The Bi-2223 volume fraction wa

in the quenched tape after 15 hrs sintering, while in normal cooled tape, the Bi

volume fraction was only 0.67. Assuming that the same volume fractions of Bi-2223

existed at 15 h in both tapes, these results indicate that Bi-2223 decomposed du
cooling. The Bi-2223 phase volume fraction reaches 0.91 after a total sintering

30 hrs in the intermediate quenched tapes, but only reached a maximum of 0.89 aft

total sintering time of 80 hrs in the intermediate normal cooled tape. If the abo
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assumption is valid, then, these results indicate that the quenching stage prevents Bi2223 from any phase decomposition and so, indirectly, accelerates the formation of Bi2223.
Table 3.6.2 shows the pictorial and tabulated data of the thermal cycles scheme
for 81-filament tapes treated using quenched and normal procedures. Fig. 3.6.4 shows a
graph of observed Ic vs. sintering time after the first and second sintering stage for
81-filament tapes. The observed Ic of tapes encompassing quench stage with a total

sintering time of 30 hrs have the same as normally processed tapes with a total sinteri

time of 100 hrs. This is complementary to that found in the 37 filamentary tapes. Since
81-filament tapes have better sintering than 37-filament tapes at the same sintering

temperature, tapes processed using three cycles show some degree of degradation in both
Bi-2223 volume fraction and zero-field Ic.
Fig. 3.6.5 shows XRD patterns for both 37- and 81-filament tapes after the new

quenching process. The volume fraction of Bi-2223 reached 0.75 and 0.85 after the first
cycle of 15 hrs sintering for the 37- and 81-filament tapes, respectively. The Bi-2223

formation rate in the 81-filament tape was estimated at being 10% faster than that in t
37-filament tapes when both were sintered for 15 hrs at 843°C and then quenched. This
Bi- 2223 phase formation was well developed at sintering time as low as 15 hrs and

there would be no further need to sinter the tape for several hundred hours, during whi
nomal-cooled phase formation, decomposition and recovery process would be repeated

at each sintering stage in the normal process due to the phase decomposition on cooling
Moreover, the decomposition process may be irreversible.
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The volumefractionof Bi-2223 reached 0.91 and 0.94 after a total sintering time

of 30 hrs in the 37- and 81- filament tapes, respectively, after the second sintering st
This indicates that a 30 hrs sintering time is more than enough to form Bi-2223 in 81

filament tapes if the quenching procedure is used. These results also suggest that a la
number of filaments favour rapid Bi-2223 formation, as a large number of filaments
mean an increased contact area ratio between the silver sheath and the ceramic core,

thereby reducing the sintering temperature. This reduced sintering temperature explains
why the 81-filament tapes yield higher Bi-2223 volume fractions than the 37-filament

tapes when the same sintering temperature is used. It is necessary to raise the sinteri
temperature for tapes containing a smaller number of filaments to reach the same Bi2223 volume fraction.
It should be pointed out that the volume fraction of Bi-2223 is only a factor that
determines the overall Jc. Other factors include the core density, grain texture and

particles size, and they are also dependent on the sintering time. Thus, it is necessary
examine the Jc-H performance of the tapes subjected to the quenching and the normal
processes.
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Fig. 3.6.6 shows a group of Jc (B)/Jc (0) vs. applied field for three 37-filament
tapes processed by normal and quench route for different sintering times. From Fig.

3.6.6, the transport Jc, when the applied field was parallel to the tape plane, had nearl

the same value for all three tapes (with a slightly better performance for the tape sint
using quench process for 80 hrs). The Jc-H behaviour for tapes treated using the new
quenching procedure for a 30 hrs sintering time was identical to that of tapes processed
using a normal process for an 80 hrs sintering time. When the field is perpendicular to
the tape plane, the observed Jc-H behaviour for tapes processed using the quench
procedure were better than those observed for the normally treated tapes for the same

heat treatment time. For the two quenched tapes, the one sintered for 80 hrs has a better

Jc-H behaviour than that sintered for 30 hrs. This indicates that the flux pinning in sh
time sintered tapes is not as good as that seen in tapes sintered for longer periods.
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Fig. 3.6.7 shows a graph of Jc(B)/Jc(0) vs. the applied field in directions parallel
and perpendicular to tape plane. It is seen that a total sintering time of 20 hrs yields
comparable Jc-H behaviour to tapes processed for three cycles using the quench process.
The Bi-2223 volume fraction reached 0.94 for tapes treated for 30 hrs using this
procedure. These results suggest that the prolonged sintering time is unnecessary in
Ag/Bi-2223 tape fabrication. Elimination of the decomposition and recovery process of

Bi-2223 between thermal cycles allows for a substantial reduction in sintering time. Thi
is significant in designing a large-scale production process.

3.6.4. Summary
A new quenching procedure was proposed and investigated to reduce the
sintering time in Ag/Bi-2223 tape processing. A quench followed by rapid heating was
applied in-between thermal cycles to avoid the decomposition and recovery processes of
Bi-2223 formed during the first sintering stage. A Bi-2223 volume fraction > 0.9 was
achieved for tapes heat-treated for a total sintering time of 30 hrs using the new

quenching procedure (80 hrs - lOOhrs sintering for normal route). Zero-field Ic for tapes
processed by in both routes are the same, although the Jc-H behaviour for the latter is
slightly better than the former. It is also found that the Bi-2223 phase volume fraction
and Ic-H behaviour for 81-filament tapes are better than that seen in 37-filament tapes
when both are processed using the same procedure. The results obtained from this work
indicate that the total sintering time for Ag/Bi-2223 tapes can be reduced to 30 hrs (or
perhaps even 20 hrs), by using an intermediate quench procedure. The results also

confirm the previous findings on the effect of an additional annealing stage at the end o

CHAPTER

3.6 A

N E W METHOD T O REDUCE THE PROCESSING TIME OF

Bi-2223/Ag TAPES

last thermal cycle (important to eliminate any residual liquid which causes a low
observed Jc value arising from weak links).
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Chapter 3.7
Effect on the Phase Formation of Bi-2223 in Some Agalloy Sheathed PIT Tapes

3.7.1. Ag-alloy sheathed Bi-2223 Tapes
Pure Ag-sheathed Bi-2223 PIT tapes are too weak mechanically and require extra
reinforcement in order to bear the tensile and bending stresses that are likely to occur
during the handling of the conductor for practical applications, despite having a high Jc
value [1-4]. Such forces are especially true for high field magnet insert coils, which will
be subject to large hoop stresses on the windings. A variety of A g alloys, such as AgM g [5], Ag-Al [6], A g - C u [7, 8], Ag-Ni-Mg [9] and Ag-Ti [10] have been examined as
possible sheath materials to improve the mechanical strength. However, the Jc values
seen in tapes fabricated from these alloys are lower than those of pure A g sheathed
tapes, stressing the importance of investigating the effect of such sheath alloys on the
phase formation of Bi-2223 in PIT tapes.
Most work has concentrated on commercially-available M g - A g alloys. Sato et al
[11] have studied the properties of Ag-Mg-Ni alloy sheathed Bi-2223 tapes, which
show an increase in mechanical strength versus pure silver; the improvement being
ascribed to a segregation of M g O and N i O oxide at the A g grain boundaries during
processing. The effect of such an internal oxidation reaction on the formation
mechanism of superconducting materials should be considered as a competitive
mechanism [12]. Goldacker et al [13] have investigated the effect of A g - M g alloy
sheath on Bi-2223 phase formation and have shown that the altered phase relations
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have a significant effect on the phase formation kinetics. Cotton et al [14] have s
that Ag-Mn and Ag-Pt alloys react extensively with Bi-2223 precursor powder.
In this chapter, the effect on Bi-2223 phase formation in other Ag alloy sheaths on
the tape, physio-chemical properties and mechanical and electromagnetic properties
reported.

3.7.2. Ag-alloy sheathed Bi-2223 tapes preparation
PIT tapes were prepared using commercial Bi-2223 powder with nominal
starting stoichiometry of Bi,.8Pb0.4Sr2.oCa2.,Cu30Xi in both Ag and Ag alloy tubes
(dimensions 6.2 x 0.975 mm2). After swaging and drawing, Ag and Ag-alloy sheathed

monofilamentary tapes were fabricated by high pressure rolling. Ag-Cu, Ag-Al, Ag-Ni-

Mg, Ag-Ti-Mg and Ag-Ti were used as sheathing alloys. Multifilamentary tapes with an

Ag inner sheath and Ag-alloy (or Ag) outer sheath were also fabricated using a sing
stacking procedure. The tapes were then subjected to a thermo-mechanical process in
which they were initially annealed at 841°C for 50 h, followed by a unidirectional
and then re-annealed at 841°C for another 50 h.
The tapes were characterised using XRD to determine phase composition, and
SEM for microstructural observations. AC and DC magnetic susceptibility
measurements were performed on the tapes using a Quantum Design SQUID
magnetometer in an applied rms field of 0.01 mT and 117 Hz for AC measurements
and in a DC field of 0.5 T for DC experiments. Ic were measured using a four probe
method at 77 K using a 1 pVcm"1 criterion.

138

C H A P T E R 3.7: EFFECT O N BI2223PHASE F O R M A T I O N IN S O M E AG-ALLOY PIT TAPES
3.7.3 Effect of Ag-alloy on formation of 2223 phase
Fig. 3.7.1 shows the final XRD patterns of tapes with different sheathing

materials after processing and Table 3.7.1 shows the calculated Bi-2223 volume fracti

(X) from Fig. 3.7.1 and measured critical current density in the tapes. A Bi-2223 vol
fraction of 0.96 was calculated for the Ag-sheathed tape. No Bi-2223 was detected in
the Ag-Ti sheathed tape. From the XRD patterns shown in Fig. 3.7.1, the Bi-2223
volume fraction decreases gradually from the bottom pattern to the top pattern,

indicating an influence on the Bi-2223 phase formation by the selected alloying eleme

When the Ag alloy was selected as the outer sheathing material as in, for example, the
Ag + Ag-Al composition, no (or very slight) effect on the Bi-2223 phase formation
(compared to the Ag sheathed tape) was observed.
These results are complementary to those of Goldacker et al [13] on Ag-Mg alloy

sheaths, and show that the influence of the sheathing alloy on the formation of Bi-222

is related to the position of the alloying element in the electrochemical series i.e.

< Al < Mg < Ti. This series is a measure of the element's ability to combine with oxyg

and so is expected to have a direct relationship on phase formation kinetics of Bi-22

the solid state-gas environment of a PIT tape. Under sintering conditions, the oxidat
of doping sheath alloy metal could arise in two possible mechanisms (i) via gaseous
atmospheric 02 (external oxidation) or (ii) scavenging labile oxygen from the ceramic
oxides at the ceramic / sheath interface (internal oxidation).
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Fig. 3.7.1. X R D patterns obtained from the different alloy tapes after
processing.
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(c) Ag+Ag-Cu, (d) Ag-AI, (e) Ag+Ag-AI, (f) Ag-Ni-Mg), (g) Ag-Ti-Mg
and (h) Ag-Ti
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TABLE 3.7.1 PHYSICO-CHEMICAL PROPERTIES OF THE TAPES
FABRICATED FROM THE AG ALLOYS USED
Composition

No. Filaments

X2223

T C H (+T C L ) (K)

Jc (KA/cm 2 )

Ag

1

0.96

108.2

28

Ag

7

0.97

108.2

26

AgCuo^

1

0.89

105.9

18

Ag + AgCuo02

7

0.90

106.2

21

AgAl 025

1

0.23

106.3 (+72.5)

0.2

Ag + AgAl 025

7

0.92

106.5

32

AgNi0.25Mg025

1

0.12

105.9 (+72.6)

0.1

AgTi0.25Mg025

1

0.10

105.3 (+71.8)

0.06

AgTi025

1

0.00

69.0

0

T C H : 2223 phase T c and TCL: 2212 phase T c

Fig. 3.7.2 shows SEM images of (a) Ag, (b) Ag-Cu, (c) Ag + Ag-Cu, (d) Ag-Al,

(e) Ag + Ag-Al, (f ) Ag-Ni-Mg), (g) Ag-Ti-Mg and (h) Ag-Ti sheathed tapes. Al

samples were prepared by mechanical polishing only and no acid etching was u

separate layers in the Ag alloy sheathed tapes could be distinguished corres

internal and an external oxidation layer as described above. The layer corres

the external oxidation mechanism was thinner than the corresponding internal

layer, indicating that external oxidation takes place at the ceramic-metal su

this layer, SEM results indicate that the alloy-oxide grains were comparative

suggesting that the rate of elemental diffusion was less than oxygen diffusio

contrast, further into the metallic sheath, the alloy-oxide grains were large

C H A P T E R 3.7: EFFECT O N BI2223PHASE F O R M A T I O N IN S O M E AG-ALLOY PIT T A P E S
that here, the rate of elemental diffusion was higher than the corresponding oxygen

diffusion rate. These results suggest that internal oxidation must have taken place fir
followed by external oxidation in the metallic sheath.
Flukiger et al [15] have studied the phase formation of Bi-2223 and suggest that
there could be an effect from the difference Po2 between pelleted powders and the
ceramic enclosed within an Ag sheath. This difference could be quite important, due to
the fact that the oxygen diffusion through Ag is complex. The Po2 has been shown to be
important in the phase equilibria of Bi-2212 [17] and in Ag-sheathed tapes [18]. This
work suggest that the effective internal oxygen partial pressure in the tape must have

been higher than that present in the surrounding annealing atmosphere (at least for part
of the time). This would have the effect of increasing the oxidation rate of the alloy

element near the ceramic at the metal - oxide interface with respect to the "bulk" metal
alloy in the sheath, essentially exposed to the diffused ambient atmosphere.
Multifilamentary tapes, composed of an Ag inner sheath and outer alloy sheath, showed
no degradation in the formation of Bi-2223, compared with a pure Ag sheath. This
indicates that the rate of oxygen diffusion was not too different between the alloysheathed and the Ag-sheathed tapes, and that the both must have experienced the same
effective internal Po2. (See for example, Fig. 3.7.2 (d)).
Using the results gained above, a new heat-treatment procedure was chosen,
which included a sintering stage at 650 °C for 36 h, in order to pre-oxidise the alloy
before the sintering reaction to form Bi-2223. However, it was found that this did not
increase the volume fraction of Bi-2223 found in the Ag alloy-sheathed tapes. This
shows that as the metallic alloy elements had been oxidised by the new procedure, the
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degradation in Jc was not due to interactions with the ambient oxygen, but due to
chemical interaction of the Bi-2223 (or precursor) powder with alloy elements in the
sheath at the core / sheath interface. (However, as seen from Table 3.7.2, an

improvement in the mechanical strength from the oxidation of the alloys was attained).
Dou et al [18] have studied the reactivity of Bi-2223 powders with a number of oxides
and found it to be dependent on the acidity of the oxides. Si02, Zr02 and A1203 react
with Bi-2223 and depress Tc to varying degrees, while MgO replacement for CaO is
soluble up to 10 mol %. The results from this work indicated that the presence of Al,

and Ni alloying elements make it more difficult for Bi-2223 to form during the heating

and first sintering stage. In multifilamentary tapes, with an inner Ag sheath, the Bi

phase formation rate was unaffected and similar to that found in a pure Ag sheath. Thi

indicates that the 02 difference in diffusion rates are small in Ag-alloy and Ag shea
and so yield similar effective p02.
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Fig. 3.7.3. Plots of %' and x'Versus temperature for Ag and Ag-alloy sheathed
Bi-2223 PIT tapes.
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Fig. 3.7.3 shows plots of x' and x" versus temperature for several Ag and Ag

alloy-sheathed PIT tapes. The a.c susceptibility results suggest that the Tc of the A
alloy-sheathed tapes was degraded with respect to an Ag sheathed tape. The Tc values

found are shown in Table 3.7.1. In comparison with the XRD data, it was found that th

Tc value decreased with the volume fraction of Bi-2212 vs. volume fraction of Bi-2223

present. The degradation of Tc in the Ag alloy-sheathed tapes was attributed to effec
the alloy element on Bi-2223 phase formation, as discussed above.

3.7.4. Mechanical, electrical and superconducting properties of Ag-alloy
sheathed PIT tapes
Table 3.7.2 lists the Vickers hardness and electrical resistivity values of several

of the air-annealed alloys after rolling. Pure Ag is very soft (Hv = 32), and the all
sheaths are much harder than a pure Ag sheath. The Ag-Ni-Mg alloy sheath is 10 times
harder than pure Ag sheath (Hv = 315 cold rolled and Hv = 213 annealed). The

resistivity was increased by alloying, as expected, and the effect was particularly m

at 77 K. A high resistivity is useful in order to reduce eddy current losses for high

applications. Alloy sheaths can be expected to decrease such loss as by a factor of 1

since the loss is inversely proportional to the resistivity. Also the smoothness of t
oxide core interface was improved in the Ag alloy-sheathed tapes due to the increase
hardness of the sheath material.
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TABLE 3.7.2. F U R T H E R PHYSIO-CHEMICAL PROPERTIES O F T H E T A P E S
FABRICATED F R O M T H E A G A L L O Y S U S E D
Composition

No. of
filaments

Hv
P300K
(kg mm'2) (x lO^Qm)
(sintered)
1.478
32

Ag

1

Hv
(kg mm'2)
(As-rolled)
58

Ag

7

58

32

1.478

0.14

AgCuo.02

1

96

73

1.570

0.26

Ag + AgCuo.02

7

58+96

32+73

1.500

0.19

AgAl 025

1

163

112

2.773

0.90

A g + AgAl 0 2 5

7

58+163

32+112

2.577

0.82

AgNi 0 2 5 Mg 0 2 5

1

320

215

2.847

1.07

AgTi0.25Mg025

1

285

198

3.397

1.50

AgTi 025

1

257

176

3.020

1.15
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Fig. 3.7.4 shows the relationship between pressure and reduction rate of tapes

with sheaths of pure Ag and Ag-alloy. It is clear that the reduction rates for Ag-she
tapes are higher than that of the Ag-alloy sheathed tapes at the same pressure. Fig.

shows Ic dependence on reduction rate in Ag and Ag-alloy sheathed Bi-2223 tapes. It is

seen that Ag alloy sheathed tapes (or Ag-alloy as outer sheath) have a higher critical
current density than pure Ag tapes at a optimal intermediate reduction rate (-25%).
Fig. 3.7.6 shows a plot of the Jc dependence on magnetic field at 77K of the Ag
and Ag alloy-sheathed Bi-2223 tapes. The Ag alloy-sheathed tapes show observable
weak link behaviour at lower fields than Ag-sheathed tapes. The overall curvature of
Ag-sheathed tape compared to the Ag alloy-sheathed tapes, indicates that the grain
coupling in the Ag-sheathed tape is much better than in alloy tapes.

3.4.5 Conclusion
In monofilamentary Ag-X alloy tapes (where X = Cu, Al, Ti, Ni, Mg), the

formation of Bi-2223 was found to be influenced by the reactivity of X towards oxygen.

It was found that even very small alloying additions caused a significant change in th
microstructure of the oxide core and in phase formation kinetics of Bi-2223. In
multifilamentary tapes, composed of an inner Ag sheath and outer alloy sheath, there

was no such significant effect in the phase formation of Bi-2223 when compared to tape

with an Ag sheath. SEM analysis shows the presence of an oxidised alloy element layer.

The degradation in Jc resulting from the reduced Bi-2223 phase formation in these tape

has to be offset from the improved mechanical properties and the ability to change the
sheath resistivity in Ag alloy-sheathed PIT tapes.
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Chapter 3.8
Phase Transformation and Liquid Phase Conversion
during the Final Processing of Bi-2223/Ag PIT Tapes
and Their Influence on Critical Current Density
3.8.1 Introduction
It is generally believed that attainment of pure Bi-2223 phase in Ag-sheathed Bi2223 tapes is vitally important in improving the critical current density. The presence of
liquid phase is essential to the formation and grain growth of Bi-2223 [1,2]. Recent work
using static quenching [3], synchrotron X R D [4,5] and in-situ neutron diffraction [6]
reveal that Ag/Bi-2223 tapes have a substantial amount of liquid amorphous phase
during processing. The conversion of the liquid phase on cooling has a significant effect
on the phase composition in thefinaltape and hence Jc, and depends upon the cooling
procedure [7]. Slow cooling or multi-step sintering procedures have shown clear
advantages over conventional processing [8, 9]. However, the mechanism for this is not
well understood.
Furthermore, the phase relationships and formation conditions in the
(BiPb)2Sr2Ca2Cu30x system are very complicated. M a n y groups [10-16] have studied the
phase transformation of Bi-2223 and used this information to propose some n e w
processing to improve the properties. A Vant Hoff diagram has shown the stability limits
of the already formed Bi-2223 phase at certain temperatures and oxygen pressures [17].
Other workers have reported thermodynamic phase diagrams

[15]. However,

thermodynamic equilibrium conditions m a y not always be desirable in relation to

151

CHAPTER 3.8: P H A S E TRANSFORMATION A N D LIQUID PHASE CONVERSION
processing requirements. Kinetically metastable conditions m a y provide the best
compromise among many conflicting factors which influence the Jc simultaneously [18].

3.8.2. Design of experimental procedure
A

precursor

powder

with

a

nominal

chemical

composition

of

Bi, g 4 Pb 0 3 4 Sr 191 Ca 203 Cu 306 O x was used to fabricate 69-filament Ag/Bi-2223 tapes using
the powder-in-tube method [19]. All samples were heat treated in air using two thermal
cycles with a two-step sintering process at the second cycle as described in Fig. 3.8.1.

HT,

HT,

Deformation
T 2 xt 2

T,xt,

\

QC,
T,=T 2 =841°C,

T,xt3

QC2
t,=t3=30 h, t2=20h

T 3 = 845 °C, 841 °C, 835 °C, 830 °C, 825 °C, 820 °C,
815 °C, 805 °C, 795 °C, 785 °C, 730 °C, 700 °C.

Fig. 3.8.1. Schematic illustration of the experimental procedure of the tapes
heat-treatment.
It was shown in Chapter 3.6 that, after 30 h sintering, the Bi-2223 phase was
almost fully formed when an intermediate-quenching process was applied. In order to
investigate the phase transformation behaviour during the final processing of Bi2223/Ag tapes, a two-step procedure and 30 hours annealing during the second step was
used. The annealing temperature during the second step varied from 700°C to 845°C.
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Both quenching and slow cooling (2 K/min) were used at the end of the second step in
order to determine the phase composition.
The volume fractions were determined by comparing the peak intensities of

different phases, deduced from the XRD patterns. Ic was measured using the four-prob
method with l(iV/cm criterion. Jc-H dependence was determined in applied fields

parallel and perpendicular to tape plane directions. The microstructures of the tape
examined using SEM and TEM.

3.8.3. Phase transformation in the tapes at different temperature.
XRD examination revealed that after 1st thermal cycle, Bi-2223 was the major
phase, coexisting with amorphous, a small volume fraction of Bi-2212 and other
impurities when intermediate quenching was used. If the tapes were cooled using a
normal cooling rate, the liquid was transformed into Bi-2212 and secondary phases.
Fig. 3.8.2 show two series of XRD patterns for tapes quenched (QC) (a), and

slow cooled (NC) (b), at different temperatures at the end of the final heat treatme

the two-step process. The relative phase composition versus the annealing temperatur

for the above two cases (QC and NC) are displayed in Fig. 3.8.3(a) for whole phases,

Fig. 3.8.3(b) for Bi-2223, Fig. 3.8.3 (c) for Bi-2212, Fig. 3.8.3 (d) for Bi-2201 ph
and Fig. 3.8.3 (e) for Bi(Pb)-3221.
A striking feature of all the curves in Fig. 3.8.3 is the special annealing
temperature around 825°C where the Bi-2223 volume fraction shows a maximum while

all other phases show a minimum. Above 825°C, liquid phase coexists with Bi-2223 and
Ca-Sr-Cu-O, and it increases with increasing temperature. When the annealing

temperature is set at 845°C there is a large fraction of liquid present. On quenchin
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liquid phase is converted to amorphous phase as revealed by SEM and TEM

observations (estimated volume fraction about 0.12 ± 0.3). If the annealing temperatu

is set to 825°C (which is the lowest boundary of any liquid present but still in the B
2223 single phase regime), the liquid phase is largely converted to Bi-2223 through

reaction with Ca-Sr-Cu-O, until all the liquid phase is exhausted. This results in th
2223 maximum at this temperature as shown in Fig. 3.8.3(a). Below 825°C (which is

out of the Bi-2223 single-phase regime), the amorphous phase (and liquid phase, if any

is converted to Bi-2212, leading to a rapid increase in Bi-2212 as shown in Fig. 3.8.3

These results suggest that 825°C is an important temperature at which the liquid phas
largely converted to Bi-2223 with minimum Bi-2201 and Bi-2212.
These results are consistent with in-situ observations using synchrotron XRD

and neutron diffraction [6,7]. Y. Ikeda et al [21] have suggested that 825°C is a crit
temperature where an important reaction occurs and a liquid phase is formed
eutectically from combination of the Bi-2212 and Bi-2201 phases, Ca2Pb04, and CuO.
The melting of Ca2Pb04 into liquid phase appears at 827°C as reported in [22]. Bi-2212
was converted into Bi-2223 by a surface reaction with liquid. According to the phase

diagram constructed from a critical assessment of the literature, Bi-2223 coexists wit
liquid phase till about 825°C, below which there is solid-state decomposition regime
[23].
Fig. 3.8.4 shows plots of the difference in phase volume fraction values of
between QC2 and QC3 at different annealing temperatures. Fig. 3.8.5 shows plots of the
difference in phase volume fraction values of between NC and QC, at different
annealing temperatures. From this Figure, we can obtain more detailed information
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about phase transformation at various annealing temperatures, with annealing at 841°C
as a reference. Fig. 3.8.4 (a) shows the Bi-2223 phase fraction difference between QC2
and QC3. There is a special region in between about 823°C to 832°C, where the Bi-2223
phase fraction value shows a maximum. In Fig. 3.8.4 (b), difference fraction value of
Bi-2212 shows a minimum in the same temperature region about 823°C to 832°C. This
indicates that Bi-2212 was converted to Bi-2223 through reaction with liquid in this
temperature region. Below this temperature region, Bi-2212 increased and stopped
increasing at 810°C, then basically retained a constant value below 810°C.
Bi-2201 increases with increasing annealing temperature as shown in Figs.
3.8.4(c) and 3.8.5(c), suggesting that liquid phase coexists with Bi-2223 above 825°C.
This is consistent with direct observation using high temperature neutron diffraction
situ technique [6]. However, Bi-2201 may be also partly formed from the liquid phase

during rapid cooling since the conversion from liquid to Bi-2201 is a very fast process
This is evidenced by in-situ synchrotron XRD observation [5], which shows that Bi2201 appeared only on cooling.
Fig. 3.8.4 (d) shows that Bi(Pb)-3221 increases below 815°C, indicating that
Bi(Pb)-3221 forms either from amorphous phase or from the decomposition of Bi-2223.
Since the Bi(Pb)-3221 occupied a large fraction within this temperature region and Bi2223 decreased significantly, it is believed that at least a part of Bi(Pb)-3221 was
formed through the decomposition of Bi-2223. It should be pointed out that this
argument is not supported by the recent results from direct observation using in-situ
high temperature neutron diffraction technique [6], which claimed there was no
decomposition of Bi-2223 on cooling. These authors showed the increase in Bi-2212 on
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cooling was not due to the decomposition of Bi-2223 but as a result of liquid phase

conversion. This is true and consistent with the results in this work at the tempera
regime from 825°C to 800°C. There is, however, no evidence that the large amount of
3221 at temperature below 800°C was not due to Bi-2223 decomposition. The finished
tapes were annealed at 780°C for 10 hours with sampling every 2 hours [34]. It was
found that Bi(Pb)-3221 increased and Bi-2223 decreased monotonically while Bi-2212
remained nearly unchanged. The volume fraction of Bi(Pb)-3221 was up to 0.17 at the

end of the annealing. Such a large amount of Bi(Pb)-3221 can not be explained solely

by the conversion of amorphous phase. At least part of Bi(Pb)-3221 resulted from Bi-

2223 decomposition. Furthermore, Jc showed a rapid decline with annealing time. If t
Bi(Pb)-3221 came only from amorphous phase conversion, then the Jc should not be
affected since both amorphous phase and Bi(Pb)-3221 are insulating. The Bi-2223
decomposition at this temperature regime was also confirmed by using synchrotron
XRD in-situ study [5].
Analysing the XRD and phases percentages for normal cooled samples, the

phase composition in the tapes at the annealing temperature cannot be directly obtai
because reactions take place during cooling. However, comparing the XRD results of
QC with NC samples, we can obtain some useful information about phase
transformation and decomposition during cooling. In Fig. 3.8.3 (a), Bi-2223 in NC
showed the same trend, but lower than QC, as the liquid phase was converted Bi-2212
during slow cooling as shown in Fig. 3.8.3 (b). The Bi(Pb)-3221 volume fraction
showed a similar trend in both QC and NC, but it increased at lower annealing
temperatures below 790°C, corresponding to a decrease in Bi-2223 and Bi-2212.
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3.8.4. Effect of final processing on critical current density
Fig. 3.8.6 shows the Jc of tapes both quenched and slow cooled (2 K/min). It is
interesting to note the same maximum at about 825°C. It appears that the higher Bi2223 volume fraction is the first and obvious reason for this maximum. However, the

variation of Bi-2223 fraction between 825°C and 845°C is rather small (Fig. 3.8.3(a)),
whereas Jc for QC tapes annealed at 825°C is nearly three times that of QC tapes
annealed at 845°C. It is evident that such a small difference in Bi-2223 fraction can

explain the large difference in Jc. The presence of Bi-2201 in this temperature regio

been proposed to explain this big suppression in Jc [8,24]. From the phase transformat

as discussed above, the most important reason is the different quantity in the amorpho

phase or "frozen liquid strips" (sometimes they have been partly converted into Bi-220

and other secondary phases) in the tapes. By quenching the tape from high temperature,
the liquid phase converted to amorphous phase. The liquid phase increased with
increasing annealing temperature. The large fraction of liquid phase remained as
amorphous phase at colony boundaries after quenching, and formed networks which act

as weak links to depress Jc. It is evident that the amorphous phase has a more detrime
effect on connectivity than Bi-2201 because the amount of amorphous phase is much

greater than Bi-2201 in QC tapes. Furthermore, at high temperature, liquid will wet Bi
2223 and form insulating layers around grains. For example, amorphous regions have

been observed in Bi-2223 grain boundaries [25,26], at c-axis twist boundaries [27], an
within triangular regions of Bi-2223 grains [28,29]. No matter the current transport

mechanisms suggested, brick wall [30], railway switch [31], or freeway [32], the "fro

liquid strips" are always the dominant current limiting defect. Usually the frozen st
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cannot be detected by X R D , so the real volume fraction value of Bi-2223 calculated by
XRD for QC samples must be corrected by the amount of residual frozen liquid. TEM

observation has revealed that amorphous phase present in QC tapes are indistinguishabl
and form large plate-like blockages to the current flow [33].
At annealing temperatures below 825°C, the lower Jc is attributable to the
following reasons. First, the liquid phase was largely converted to amorphous phase at
this annealing temperature and the conversion of amorphous to superconducting phase
was slower than from the liquid phase. Some amorphous phase remains in the
superconducting matrix. Second, in this temperature regime, the amorphous phase was
only converted to Bi-2212 (Fig. 3.8.3(c)) since it is outside the Bi-2223 single-phase
regime.
The Jc for the NC tapes shows the same trend, but is higher than the QC tapes.
Fig. 3.8.7 shows the difference in Jc for both QC and NC tapes. This difference may be
largely attributable to the difference of oxygen content in the QC and NC tapes.
Quenching causes oxygen deficiency, while normal cooling restores the oxygen content
in NC tapes. Furthermore, Jc of the QC tape declined more rapidly than that of the NC

tape as reported [24], indicating flux pinning of the former is poorer than the latter
oxygen deficiency in the QC tape may reduce the coupling between Cu02 planes and
hence the flux pinning. In addition, the amorphous phase can be further converted to
superconducting phases during normal cooling. The difference in Jc values between the
QC and NC tapes, reduces with decreasing annealing temperature. Below 700°C, Jc in
both cases converges because both oxygen transport and phase transformation become
very slow regardless quenching or normal cooling.
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3.8.5. Summary
The phase transformation and liquid phase conversion at temperatures between
700 and 845°C in PIT tapes and its effect on critical current density have been

investigated. Liquid phase is important for the formation of Bi-2223 phase. However,

must be properly converted in order to maximise the Bi-2223 volume fraction and henc
Jc. In order to determine the phase composition and residual liquid transformation,

step procedure with quenching, as well as a normal cooling technique, have been used

different annealing temperatures. The optimal temperature regime for converting liqu

to Bi-2223 is 825 ± 1 °C, where liquid is present but not in large quantity and Bi-2

still in single-phase regime. At above this temperature region, Bi-2223 phase coexis

with liquid, Bi-2201 and other secondary phases. The amount of liquid phase increase

with increasing annealing temperature. Below the Bi-2223 stability regime, liquid ph
is transformed mainly into Bi-2212. At temperature lower than 800°C, liquid is
converted to amorphous phase which is converted to Bi(Pb)-3221, and Bi-2223 also

decomposes into Bi(Pb)-3221. The residual amorphous phase has a significant influenc

on grain connectivity and hence Jc. The best strategy to improve Jc in tapes is to ta

advantages of both thermodynamic equilibrium and kinetically metastable conditions i

order to maximise the conversion of liquid to Bi-2223, and reduce Bi-2201, Bi-2212 a
Bi(Pb)-3221 formation on cooling and ensure a full oxygenation of the tapes.
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Chapter 3.9
New Structural Powder/Wire-in-Tube (PWIT) Tapes
and Their Critical Current Density

3.9.1 Interface between Ag and oxide core
High critical current density and good mechanical properties are two key factors
needed for practical applications of high-temperature superconducting tapes. It has been
established that careful control of the processing parameters in the PIT technique is
important to achieve high Jc values in Ag-sheathed Bi-2223 tapes. A n important
parameter a m o n g m a n y is h o w to improve and increase the interfacial area between the
superconductor and silver layers. Previously, a lot of work has been done in studying
the effect of A g on the microstructure and superconducting properties in Ag/Bi-based
tapes [1-11]. The A g at the superconductor interface helps the superconducting phase
formation and grain alignment [1,2]. D o u et al [3.4] found that silver doping accelerates
the Bi-2223 phase formation by lowering the partial melting temperature of the
precursor powder. Y a m a d a et al [5] reported improved alignment at the A g interface
compared to the middle of the ceramic core. Ooto et al [6] also observed Bi-2212 or Bi2223 grains that had preferentially grown along the A g interface. These observations
indicate the importance of establishing a smooth Ag/superconductor interface and
increasing the interfacial area.
Furthermore, investigations by D o u et al. [15,16] and Singh et al. [7] show that
an increasing Ag/superconductor ratio in the tape improves the strain tolerance because
of stoping crack propagation at the Ag/superconductor interface. However, in PIT
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tapes, as the Ag content is increased, a lower superconducting fraction of the crosssectional area occurs, resulting in a lower Je value.
In this chapter, a novel, simple concept of periphery length of

Ag/superconductor interface per unit area (E) in the observed cross-section of PIT t
is introduced. A structural new design of Powder/Wire-in-Tube (PWIT) tape has been
developed by packing both powder and wires into a silver tube at the second stage of

the wire-in-tube process and a comparison of the properties in PWIT and PIT tapes has
been carried out. The objective of the PWIT process is to effectively increase E and
enhance the transport current properties and strain tolerance of Ag-sheathed Bi-2223
tapes.

3.9.2 Periphery length per unit area (E) in cross-section in PIT tape
Ag-sheathed mono- and multi-filamentary wires and tapes were fabricated using
the powder-in-tube method [12]. The powders had a nominal stoichiometry of
Bi, ^Pb^Sr, 91Ca205Cu306Oy. At the second stage of the PIT process a new stacking
procedure was developed in which powders and monofilament wires were inserted into
a silver tube to fabricate PWIT tapes. A vibrating machine was used in the PWIT
procedure to achieve a homogeneous distribution of powder and wires in the tube. The
resultant wires were rolled into tapes. Short tape samples were sintered between 825
845 °C for 50 hours, pressed at pressure between 1 to 3 GPa and then re-sintered for
between 50 to 70 hours. The microstructure of the tapes was examined using XRD and
SEM. Jc, Jc-B characteristics and Jc-strain properties were measured using the fourprobe method with a criterion of 1 p,V/cm.
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Fig. 3.9.1 shows micrographs of the transverse cross section observed during
the deformation processing of a monofilamentary tape. From Fig 3.9.1, the periphery
length between the Ag sheath and the oxide superconductor can be calculated. The
periphery length per unit area (E) in the cross-section of the tapes is defined as:

E=L/S {1}

Where the L is the interface periphery length between the Ag and ceramic in the
core of wire and tapes and S is the total cross-sectional area of the wire or tapes.

Fig. 3.9.1. Micrographs of deformation development of monofilamentary tapes

Table 3.9.1 gives several dimensional parameters during monofilamentary tape
deformation process. As shown in Table 3.9.1, periphery length per unit area in the

cross-section and the density of oxide core increases with decreasing thickness of t
tape.

CHAPTER

3.9: A N E W STRUCTURAL POWDER/WIRE-IN-TUBE (PWIT) TAPES

Table 3.9.1. Several dimension parameters and properties of monofilament
tapes
Thickness ( m m ) core area (mm 2 ) Fill factor (%) D (g/cm2) E (1/mm)
1.3 (wire)

1.25

48

4.75

21.7

0.48

0.52

45

5.1

24.6

0.27

0.34

42

5.8

27.8

0.12

0.13

38

6.0

33.9

3.9.3 The relationship between E and properties of PIT tapes
Fig. 3.9.2 shows a micrograph of a PWIT multifilamentary wire and Fig. 3.9.3

shows a micrograph of the transverse cross-sections of (a) a monofilament tap

PWIT 16-filament tape and (c) a PIT 31-filament tape, showing that the distri
both wire and powder in PWIT multifilamentary wires and tapes is uniform. As

from Fig. 3.9.2 and Fig. 3.9.3 (b), powder was packed around composite wires o

filaments. A larger filling factor can be obtained in single-filamentary tape
larger Ag/oxide interface area can be obtained in multifilamentary PIT tape.

process makes it easy to increase the Ag/oxide interface area as large as pos
unit area of cross-section of tape.
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Fig. 3.9.2. Micrographs of the wire of powders and 16 monofilament wires in
tube

Fig. 3.9.3. S E M image of the tapes (a) monofilament tape (b) P W I T 16fliamentary tape (c) PIT 31-filamentary tape

According to the formula {1} and Fig. 3.9.3, the E of PWIT and PIT

multifilamentary tapes can be calculated. Table 3.9.2 gives the calculated values

and the observed transport current properties of PWIT and PIT tapes. The fill fact

defined as the ratio of the area of the superconductor core to the inner area of t

conductor cross section. It is evident that in the core area, the fill factor, the

Ic, the Jc and the Je of the PWIT tape have been improved compared with the PIT ta
The Jc of PWIT tape increased 38% and Je of PWIT tape increased 57% compared with
that of PIT tapes.
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Table 3.9.2. Parameters and transport current properties of P W I T and PIT tapes
P W I T 16-filament tape

PIT 31 -filament tape

cores area ( m m 2 )

0.156

0.13

Fill factor (%)

32.4

28

E (1/mm)

180.5

161

I C (A)

34.6

20.8

Core Jc (A/cm 2 )

22,000

16,000

Overall Jc (A/cm 2 )

7,100

4,500

Fig. 3.9.4. shows the normalized Jc values, Jc(B)/Jc(B=0), as a function of applied

field for three kinds of tape. 24% of the zero field Jc in IT magnetic field was re

for the PWIT tape, and 19% for 31-filament PIT tapes and 23% for the single-filament
PIT tape. The Jc-B behaviour was about the same, although the PWIT 16-filament tape
was slightly better than the others.

at77K

0.01
—•
—•
—A
•

0

! ,

I I I I I I I |

200

400

o — PIT 31-filament tape
o — P W I T 16-fialment tape
A — PIT single-filament tape
I I •

• I •

600

' •

• I ' • •

800

' I '

1000

Magnetic Field (mT)

Fig. 3.9.4. Normalized Jc dependence on magnetic field of the tapes at 77K.
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Analysis of the Jc of Ag-sheathed Bi-2223 multifilamentary PIT tapes is

complex, and is related to the overall texture, density, phase distribution, structural
defects and grain boundaries of the ceramic core. This microstructure in tapes is
influenced by a number of preparation parameters, such as powder quality, deformation

reduction ratio, sintering temperature and sintering time etc. It is generally found th

the factors that increase the Ag/oxide interface area in the tapes, also improve the Bi
2223 content in the core and enhance the texture, which is necessary for a high Jc.
Yamada et al [5] has shown that the density of oxide powder near the

Ag/superconductor interface is higher than that in the central core and the high densi

brings about a higher degree of orientation and a low volume faction of secondary phase
which may explain why the density of oxide powder cores in the tapes increases with

increasing E (such as Table 3.9.1). The texture in PWIT multifilamentary tape is better
than that in PIT multifilamentary tape and the content of non Bi-2223 phase in PWIT

multifilamentary tape is lower than that in PIT multifilamentary tape as shown in Fig.

3.9.5. The volume fraction of Bi-2212 phase are 0.08 in PWIT 16-filament tape and 0.13
in PIT 31-filament tapes. It also clearly shows that a lower volume fraction of other,
mixed, non-superconducting phases exists in PWIT tape than in PIT tapes. The texture
of PWIT and PIT multifilamentary tapes was measured from the XRD patterns, using
texture parameters, F2223, defined as
F2223 = looioAJooio + MIS) *• '
where 1(008), 1(0010), and 1(115) are the heights of the (008), (0010), and (115)
diffraction peaks of the corresponding Bi-2223. According to formula {2} and Fig.
3.9.5, the texture factor F2223 = 0.98 for PWIT tape and F2223 = 0.91 for PIT tape.
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Fig. 3.95. X-ray patterns ( X R D ) of a P I W T 16-filament tape and a PIT 31filament tape after final sintering.

In previous work, the effect of A g on the microstructure and superconducting
properties in Ag/Bi-based tapes has been widely studied [1-11]. The Ag at the

superconductor interface helps in superconducting phase formation and grain alignme

[1,2]. Dou et al [3.4] found that silver doping accelerates the Bi-2223 formation by
lowering the partial melting temperature of the precursor powder. The results above

confirmed that, in PWIT tape, E was increased, and the interfacial region between th
Ag sheath and the oxide core with high density oxide powders, low volume fraction

secondly phase and well-aligned Bi-2223 grains, is believed to be responsible for t
observed high Jc and good Jc-B behaviour.
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Fig. 3.9.6. Degradation of lc at 7 7 K at O T in the tapes with decreasing bend
strains.

Fig. 3.9.6 shows Ic versus bend strains of monofilamentary, 31-filamentary and
PWIT mutifilamentary tapes. It is seen that the bend strain tolerance of the PWIT 16filamentary tape is slightly better than of the PIT 31-filamentary tape and much better

than the single-filamentary tape. According to Table 3.9.2, the fill factors are 32.8% for
the PWIT 16-filamentary tape and 28% for PIT 31-filamentary tape. The PWIT tape
can carry 90% of their initial Ic at 0.75% bend strain, comparing with the PIT 31filamentary tape which can carry 75% of their initial Ic at 0.75% bend strain, despite
having a higher filling factor in PWIT tapes than in PIT tapes. Other workers have
shown that the strain tolerance of tapes can be improved by increasing the number of
filaments or by adding Ag to the superconductor powder [8]. Because it is well known
that ceramics can withstand much higher compressive strains than tensile strain [7],
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cracks would be expected to initiate on the tensile side of the bend and stop at the
Ag/superconductor interface. Those would eventually propagate through out the core
thickness, and thereby impede the current flow. If Ag reinforcement is included in the

core to isolate the cracks on the tensile side of the bent tape, current may still flow
unimpeded through the part of the core that is under compression. Dou et al [15, 16]

indicated that the critical strains for tensile and bend tests show a dependence on the

tape thickness and Ag/oxide volume ratio. They pointed out that this is attributable to
the improved strength and flexibility of the special interfacial layer between Ag and
oxides formed during thermomechanical processes. Their microstructural studies

revealed that at a strain greater than the critical strain, there are cracks in the oxi

while the interfacial layer near the Ag sheath is still intact. The results confirmed t
the strain tolerances were improved with increasing E in PWIT tapes.

3.9.4 Summary
A new structural PWIT Ag-sheathed multifilamentary Bi-2223 tape and its
superconducting properties have been investigated. It was found that the Jc of PWIT
tape increased 38% and Je of PWIT tape increased 57% compared with that of the PIT
tapes. The Jc in IT magnetic field retained at 24% for PWIT tape and 19% for PIT 31filament tapes. A simple concept of periphery length of Ag/superconductor interface
per unit area cross-section of PIT tapes (E) has been introduced and the relationship
between E and the properties in several different PIT tapes have been studied. In PWIT
tapes, E was increased, as the interfacial area was increased. This resulted in a low
volume fraction secondary phases and well-aligned Bi-2223 grains, which are believed
to be responsible for the observed high Jc and good Jc-B behaviour. The strain
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tolerances of PWIT tapes were superior compared with those in other PIT tapes, despite

having a higher fill factor. As proposed, an effective method to increas

transport current properties and strain tolerance in PIT tapes is to inc
E in Ag-sheathed Bi-2223 tapes.
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Chapter 3.10
Controlled Intermediate Quenching and Its Effect on
Microstructure and Critical Current Density

3.10.1 Introduction
For

many

applications

involving

Bi-2223/Ag

high

temperature

superconducting tapes, a high Jc is a vital requirement. In order to improve the zero-field
Jc in these tapes, pure Bi-2223 with perfect texture and high grain connectivity is desired
[1-3]. T o enhance the in-field Jc of Bi-2223 composites, improvements in the capacity to
pin magnetic flux, either from increased electronic coupling between C u - O layers, or by
the introduction of appropriate defect structures is essential. This can occur from the
introduction of splayed columnar defects or dislocations, and secondary phase
precipitates are also thought to enhance flux pinning [4-6]. Coupling m a y be modified
via intrinsic doping effects [7].
W e have developed a controlled intermediate quench process (CIQ), as a n e w
method of controlling the presence of liquid phase. This avoids the transformation into
impurity phases, thereby allowing it to readily heal micro-cracks.

3.10.2 Controlled intermediate quenching (CIQ) technique
69-filament Ag/Bi-2223 tapes were fabricated by the powder-in-tube method
[15] using

a

precursor

powder

with

a

nominal

chemical

composition

of

Bi,8Pb0.35Sr].91Ca2.05Cu3.o6Ox, and a k n o w n phase assemblage [10, 16]. T w o processing
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routes were used to prepare the tapes; an intermediate normal cool (INC) of 2 K/min,
and a controlled intermediate quench (CIQ). In the CIQ processes, the tape was
quenched after different sintering times. The kinetics of the phase formation and
decomposition at sintering temperature were investigated by XRD.
The tape Jc was measured using the four-probe method with a lpv/cm

criterion. The Jc-H dependence of the tapes was determined in applied fields paralle
perpendicular to the tape plane. The microstructure of the tapes was examined using
SEM and TEM.
The volume fractions of Bi-2212, Bi-2201, Bi(Pb)-3221, other phases and Bi-

2223 were determined by comparing the intensity of a specific diffraction time for ea
phase, which were deduced from the XRD patterns, using parameters, such as f2212 and
f2223, defined as.
f2212=I(008)2212/[I(006)2201+I(300)3221+I(008)2212+I(0010)2223]
f2223=I(0010)2223/[I(006)2201+I(300)3221+I(008)2212+I(0010)2223]

where I(008)2212 and I(0010)2223 are the heights of the (008) and (0010) diffraction pe
of the corresponding Bi-2212 or Bi-2223 phase.
Fig. 3.10.1 shows the XRD patterns of the 69-filament tapes processed using the
IQ and INC procedures. Fig. 3.10.2 shows the observed phase volume fractions versus
sintering time in these tapes quenched from 841 °C. From Fig. 3.10.2, it can be seen

that, after a rapid increase with sintering time, the volume fraction of Bi-2223 near

reached 100 % after 35 to 40 h sintering time. It can be shown that the Bi-2223 is in

equilibrium with liquid phase (volume fraction -0.1), present as "frozen liquid strip
as an amorphous phase, and as such is not detected by XRD. Therefore the XRD data of

C H A P T E R 3.10: C O N T R O L L E D INTERMEDIATE QUENCHING A N D ITS EFFECTS
Fig. 3.10.2 has to be modified to obtain a real Bi-2223 volumefractionby dividing the
data in Fig. 3.10.2 by the liquid volume fraction calculated by other means.
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Fig. 3.10.1. X R D patterns of 69-filament tapes heat-treated after sintering
different time by C I Q and INC procedures.
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69-filament tapes treated by quenching versus sintenng time.

C H A P T E R 3.10: C O N T R O L L E D INTERMEDIATE QUENCHING A N D ITS EFFECTS
Fig. 3.10.3 shows longitudinal cross-section and transverse face-section S E M
images of CIQ and INC tapes. Comparing the longitudinal cross-section of Fig.
3.10.3(b) of a CIQ tape and Fig. 3.10.3(c) of an INC tape, it was observed that the
tape density was higher than in the corresponding INC tape. Comparison of the

longitudinal face-section of Fig. 3.10.3(d) of a CIQ tape and Fig. 3.10.3(e) of an
tape, the impurity particles present in the CIQ tape were much smaller and fewer in
number than in the INC tape.
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( b ) C I Q longitudinal cross-section
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( c ) INC tape longitudinal cross-section

( d ) CIQ tape, longitudinal face-section
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( e ) I N C tape, longitudinal face-section

Fig. 3.10.3. S E M images of longitudinal cross-section and face-section of 69filament tapes treated by CIQ and INC procedures.

3.10.3 Critical current density (JJ of CIQ tapes
Fig. 3.10.4(a) shows the observed Jc (77K, OT) as a function of total sintering

time for the CIQ and INC tapes, and Fig. 3.10.4(b) shows the Ic comparison betwee

CIQ and INC samples. It was noticed that after the 1st thermal cycle, the Ic value
CIQ tapes was always lower than in the INC tapes. We can tentatively explain this

terms of the quenching causing anionic non-stoichiometry due to oxygen deficiency,

from micro-cracks in the tape, and the presence of liquid as amorphous phase or "

liquid strips" [9, 10]. After the 2nd thermal cycle, the Jc for CIQ tapes was much

than that in INC tapes, as shown in Fig. 3.10.4(a). Fig. 3.10.4(b) shows that the

Ic was, on average, 21 % higher than that of INC tapes. The highest Jc observed wa
63,000 A/cm2 (Ic = 16.23 A) obtained on a 0.06x1.6 mm2 cross-section area 69filamentary CIQ tape. The Je was 13,600 A/cm2. The highest Jc for an INC tape was
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51,000 A/cm2 (Ic=23 A), obtained on a 0.095x2 m m 2 cross-section area 69-filamentary
tape (Je= 12,000 A/cm2).
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3.10.4 Impurity particle reduction and micro-cracks recovery
Fig. 3.10.5 shows thefinalX R D patterns of 69-filament CIQ and INC tapes treated

at different temperatures. It was observed that the CIQ tape showed almost pure Bi-22
phase. XRD analysis confirms the SEM observations of Fig. 3.10.3.
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Fig. 3.10.5. X R D patterns of the final 69-filament tapes treated by both C I Q and
I N C techniques.
Fig. 3.10.6(a) shows TEM images of a "frozen liquid strip", which still existed in
the tapes even after 100 h sintering. Fig. 3.10.6(b) shows high density dislocation

networks located around small secondary phase particles in the CIQ tape. This indica

that there was a high density of dislocations around the small secondary phase parti
in the CIQ tapes (cf. INC tapes), so small secondary particles (and associated

surrounding stress fields) may act as potential pinning centres [3, 10]. Fig. 3.10.6
shows small pores (<50 nm ), possibly formed by oxygen deficiencies or aggregated

vacancies in CIQ tapes during the second sinter and cooling stage. These are suggest

to act as pinning centres. Fig. 3.10.6(d) shows a typical healed deformation-induced
crack.
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(a)

(b)
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(c)

(d)
Fig. 3.10.6 T E M image of ( a ) frozen liquid strip, ( b ) high density d.slocaton
around the small second phase particles in the CIQ tape, ( c ) the
small pores (<50nm) formed by oxygen atom vacuum accumulating
together, ( d ) the typical healed deformation-induced cracks.
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3.10.5. Improvement of connectivity and flux pinning by CIQ processing
The relationship between the observed normalised Jc and the applied magnetic
field, with the field applied perpendicular, and parallel, to the tape surface at 77
CIQ and INC tapes is shown in Fig. 3.10.7. In low fields, a rapid drop in Jc was

attributed to the weak links at grain boundaries. Jc showed a larger drop in low magn

field for the INC sample. In high fields, the Jc of the CIQ sample dropped more slowl
with increasing field than that of the INC sample, which shows that the grain

connectivity and flux pinning in the CIQ tapes were marginally better than those in t
INC tapes.
Fig. 3.10.8 shows the normalised pinning force density for CIQ and INC tapes in
an applied magnetic field. The peak field (H*) for the CIQ sample (H*~165 mT) was
higher than seen for the INC sample (H*~153 mT). This was consistent with the Jc-B

measurement results, suggesting that controlled intermediate quenching introduces ext
pinning centres compared to intermediate normal cooling.
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Fig. 3.10.7 The relationship between Jc and magnetic field of 69treated by C I Q and INC procedures.
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Fig. 3.10.8 Normalised pinning force in of 69-filament tapes treated by CIQ and
INC procedures.

In CIQ processing, the tape was quenched by controlling the phase equilibrium

point of Bi-2223 and the liquid phase. This is the important point for several pro

parameters, such as the phase volume fraction, and the sintering temperature, time

atmosphere. Bi-2223 grains are in the post-saturation state or "high energy state"

small secondary particles precipitate or separated out from the Bi-2223 grains dur
subsequent sintering and slow cool stages. SEM images of such secondary particles

separating out from "frozen state" Bi-2223 grains during intermediate quenching ha

been observed. Moreover, the oxygen deficiency or defect sites may also be introduc
into the Bi-2223 grains. These may act as flux pinning sites, because these oxygen

deficiencies can aggregate to form small pore sites (< 50 nm) as shown in Fig. 3.1

during subsequent heat-treatments. During the second sintering stage, the liquid p

may heal any micro-cracks. The presence of other secondary phases shows that they a
also small, most < 0.5 pm, as shown in Figures 3 and 6(c). TEM observation showed
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that there was a high density of dislocations around the secondary phase particl
tapes as shown in Fig. 3.10.6(c), existing as colonies, and so were not expected
disrupt grain connectivity and thereby current transport capability.

3.10.6 Summary
Comparison of INC and CIQ tapes shows that the latter has smaller impurity

particle size and quantity in contrast to the former. Also grain texture was hig

leading to an increase in Jc = 63,000A/cm2 for 69-filament CIQ tape. The CIQ proce

leads to anionic non-stoichiometry from oxygen deficiency after the first sinter

which can improve the tape flux pinning. The CIQ process avoids Bi-2223 formatio
decomposition and avoids impurity phases formation. Also CIQ process allows any
liquid to heal micro-cracks during the second sintering cycle.
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Chapter 3.11
Grain connectivity and flux pinning in
hot-pressed P I T tapes

3.11.1 Hot-pressing

pressing

The critical current density (Jc) of Ag/Bi-2223 powder-in-tube (PIT) tapes is
controlled by two major factors, weak links (determined by phase purity, grain

connectivity and alignment) and by flux pinning. In order to improve the zero-field Jc i
Bi-2223/Ag tapes, grain connectivity must be improved and this is best achieved by
introducing a high c-axial texture and clean (defect free) grain boundaries [1-12]. To
enhance the in-field Jc of Bi-2223 composites, improvements in the capacity to pin
magnetic flux, either from increased electronic coupling between Cu-0 layers or by the

introduction of appropriate defect structures is essential, eg the introduction of spla
columnar defects, dislocations and secondary phase precipitates are thought to enhance
flux pinning [2, 13-17]. In addition, coupling may be modified via intrinsic doping

effects [18]. A recent review on the introduction of pinning centres into Bi-(Pb)-Sr-CaCu-0 superconductors has proposed that low-angle boundaries, stacking faults, twin
boundaries, impurity phase, precipitates, secondary phase inclusions, growth

dislocations, oxygen vacancies, structural non-uniformities may also as potential pinni
centres [19].
It has been suggested that the zero-field Jc can be improved by reducing the 2212
content [1-3], non-superconducting phases [10, 11], better grain connectivity and grain

alignment via cold- [2, 11] or hot-pressing [4, 10], in the belief that a high zero-fiel
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Jc(B=0) implies a higher in-field critical current density JC(B) [1, 3]. However, JC(B) has
been shown to be improved by the introduction of irradiation pinning centres [8, 9],
cooling [12] and from mechanical handling[7]. These results indicate that Jc(B=0) and
JC(B) in Bi-2223/Ag PIT tapes can be improved independently by using different
techniques.
In this chapter, the hot-pressing processing is introduced, and its effect on
microstructure, grain connectivity and flux pinning are investigated.
Ag-sheathed Bi-2223 samples were prepared using the powder-in-tube (PIT)
method [2]. Precursor powder with a nominal chemical composition of
Bi,.8Pb0.35Sr1.91Ca205Cu306Ox with Bi-2212 as the major phase, was used to fabricate

Ag/Bi-2223 tapes. 81-filamentary tapes (A series tapes) were fabricated using a single
re-stacking procedure. All samples used in this experiment were cut from long (>10m)

tapes. The A series tapes were twice sintered at 835°C for lOOh and then cooled at 0.5
K/min with an intermediate pressing. These tapes were labelled OR. Samples from
these tapes were sandwiched between two pieces of aluminium ceramic sheets and
pressed at 15 MPa at temperatures between 780-825°C for 10 to 360 mins. After
pressing, some samples were allowed to cool at the normal cooling rate (HP-fc tapes)
and others were cooled at 0.5 K/min (HP-sc tapes).
Critical current (Ic) was determined using a four-probe resistivity technique at 77 K
with a voltage criterion of 1 pV/cm. Ic versus applied magnetic field was measured
using applied magnetic field parallel and perpendicular to the tape face. The current
flow direction was always maintained perpendicular to the magnetic field. H^at 50 and
77K was obtained from magnetic hysteresis loops using a Quantum Design Physical
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Property Measurement system. Hirr was defined as the field at which the difference
between the upper and lower branches of the hysteresis loop = 0.0005 emu (all samples
had the same dimensions ). AC susceptibility was measured using the same system,

with frequency and amplitude of excitation field = 117 Hz and 0.1 Hz, respectively, in
applied magnetic field of 0 to 9T. The field was always applied perpendicular to the

tape face. Microstructural analysis was carried out in the tapes using X-ray diffract
(XRD), optical microscopy, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).

3.11.2 Critical current density improved

by

hot-pressing

The Ic was found to be highly sensitive to the hot-pressing temperature [4] and

pressure [10]. The optimal procedure for hot-pressing has been reported on previousl
[4]. It was found that the self-field Jc of all the tapes after hot-pressing was
significantly enhanced, with maximum observed increase reaching more than double
that seen in the original tapes. For A series tapes, the OR tape had Ic=18A,
J =22,000A/cm2. After hot pressing and slow cooling, the Ic increased to 35.6A (HP-sc

tape, J =56,800A/cm2), for another tape in this set, the Ic increased from 18A to 31.4
(HP-fc tape, J =54,000A/cm2) after hot pressing and normal cooling as shown in Table.
3.11.1. For B series tapes, the OR tape had I=36.2A, J=26,000A/cm2. After hot
pressing and slow cooling, the Ic increased to 56.6A (HP-sc tape, J =56,000A/cm2)
after hot pressing and normal cooling as shown in Table. 3.11.1.
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Table. 3.11.1. Ic and Jc in A and B series tapes before and after hot-pressing.
Sample N O .

Original tapes

After Hot-Pressing

I C (A)

J c (A/cm 2 )

I C (A)

J c (A/cm 2 )

A series-1

18.2

22,200

33.2

53,000

A series-2

16.7

20,400

32.1

51,400

A series-3

14.3

17,000

30.4

49,000

A series-4

16.4

20,000

33.6

54,000

A series-5

22

26,000

32.5

52,000

A series-6

18

22,000

33.4

53,500

A series-7

14

16,800

33

52,800

A series-8

18

22,000

35.6

56,800

A series-9

16

20,000

34.2

54,800

A series-10

18.2

22,200

35.2

56,400

A series-11 (fc)

18

22,000

31.4

54,000

A series-12(fc)

18

22,000

31

53,600

B series-1

36.2

26,000

56.6

56,000

B series-2

35

25,000

50.3

50,000

B series-3

32.4

23,400

49.3

49,000

B series-4

31.6

23,000

45.6

45,000

The relationship between the observed ( a ) Ic, ( b ) normalised Jc and the applied
magnetic field, with the field applied perpendicular to, and parallel to, the tape

77K, is shown in Fig. 3.11.1, for the A tape series before, and after, hot-pressing with

slow or normal cooling. At low fields, the Jc of three samples (OR, HP-fc and HP-sc) did

not drop rapidly, indicating a good grain connectivity. The Jc performance in an ap

magnetic field was not improved or degraded after hot-pressing. For example, the Jc
" 200"
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magneticfieldof 1T( parallel) had a Jc value of 3 3 % of Jc(B=0) for the O R tape, 2 1 %

for the HP-fc sample and 24% for the HP-sc sample. Based on Jc-B curves in magnetic

fields perpendicular to tape surface, the fraction of strong links (Icos/Ico) can be

determined using the method described by Horvat et al [20, 21], estimated to be 64
the OR tape, 73% for the HP-sc tape and 42% for the HP-fc tape.
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Fig. 3.11.1. The relationship between ( a ) lc, ( b ) normalised J and the
applied magnetic field, with thefieldapplied perpendicular to and
parallel to the tape surface at 77K for the A series tapes.
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Fig. 3.11.2 shows the normalised pinning force density for the O R , HP-sc and
HP-fc samples in an applied magnetic field. The peak field (H*) for the OR sample
(H*~195mT) was higher than that seen for the HP-sc sample (H*~154.4mT), which was

in turn, higher than that seen for the HP-fc sample (H*~123mT). This was consistent

with the Jc-B measurement results, suggesting that cold deformation introduces extr
pinning centres compared to hot-pressing, and that slow cooling after hot-pressing

improves flux pinning. These results indicate that hot pressing mainly improves the

grain connectivity (and so increases the strong links fraction), while cold deforma

improves flux pinning (producing more defects). It can be expected that some defect
were healed during hot-pressing.

I——I——I—
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Fig. 3.11.2. T h e normalised pinning force density for the O R , HP-fc and HP-sc
samples in magneticfieldsfor the A series tapes.
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The relationship between ( a ) Ic, ( b ) normalised Jc and the applied magnetic

field, with the field applied perpendicular to the tape surface at 77K is shown in Fig

3.11.3 for the B series tapes. At low fields, a rapid drop in Jc was attributed to the

Josephson weak links at grain boundaries. Jc showed a large drop in low magnetic field
for the OR sample. In fields above 157mT, however, the Jc of the OR sample dropped
more slowly with increasing field than the hot-pressed sample. The hot-pressed Jc-B

characteristic showed no significant change to that seen for the field direction para

the tape face, (JC(B=1T)/JC(B=0) = 24% for both before and after hot-pressing). (Icos/IC
was found to increase from 47% for the OR tape to 68% for the HP-sc tape.
Fig. 3.11.4 shows the normalised pinning force density for the B series OR, HP-fc
and HP-sc samples in an applied magnetic fields. H* for the OR sample (H*~165.3mT)
was higher than that seen for the HP-sc sample (H*~123.6mT), consistent with the Jc-B

measurement results. This further confirms that cold deformation was more effective in
introducing pinning centres than hot-pressing, and that hot pressing significantly
improves the grain connectivity.

H//C , 77KB Series Tapes]

0.2-

0.0-1 f.
Magnetic Field (mT)

Fig. 3.11.4. The normalised pinning force density for the O R and HP-sc
samples in magneticfieldsfor the B series tapes.
204

C H A P T E R 3.11. G R A I N CONNECTIVITY A N D FLUX PINNING IN T A P E S

Fig. 3.11.5 shows the irreversibility lines (ILs) of the A series O R , HP-fc and

HP-sc tapes, determined from the position of the peaks in the imaginary part of the a

susceptibility. All three samples had the same mass and dimensions. The IL for the OR

sample was positioned at a higher temperature than that seen for the HP-sc sample, wh

the position of the IL for the HP-fc sample was at a lower temperature than that of t
HP-sc sample. For the same compound, the IL is dependent on flux pinning strength.

The sample size and geometry will also influence the position of IL. Since all the th
samples are the same HTS compound, the distance between Cu02 planes is the same.

Since all the samples have similar dimensions, the shift in the IL position was solel
attributable to the difference in pinning strength, i.e. OR > HP-sc > HP-fc.

P
J 4-

80
100
Temperature of peak in %n (K)

Fig. 3.11.5. The irreversibility lines (ILs) of OR, HP-fc and HP-sc samples for
the A series tapes.
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Fig. 3.11.6. The hysteresis loops of three samples (OR, HP-sc and HP-fc
at 77K and (b) at 50K for the A series tapes.
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Fig. 3.11.6 shows the hysteresis loops for three A series samples (OR, HP-sc and
HP-fc) ( a ) at 77K and ( b ) at 50K. HirT was found to be 290mT for the OR sample,
263mT for the HP-sc sample and 260mT for the HP-fc at 77K. Qualitatively, the same

results were obtained at 50K, with HilT = 1.74T, 1.49T and 1.47T for the OR, HP-sc a
HP-fc samples respectively. Hirr followed the same sequence as determined from a.c.
susceptibility measurements shown in Fig. 3.11.5, confirming that cold deformation

sample) induced more flux pinning centres when compared with HP-sc sample, which in
turn, induced more pinning centres when compared with HP-fc sample.

3.11.3 Microstructure characteristics of hot-pressed

tapes

Fig. 3.11.7 show the XRD pattens from the A series tapes, before (OR) and after,
hot-pressing (HP-fc and HP-sc). Sample A was slowly cooled, so there was some 3221

present. The percentage of 2212 was estimated to be 4% in the OR sample and 2% in t
HP-fc and HP-sc sample. The fraction of other mixed non-superconducting phases was
smaller in the HP tape than in the OR tape. Fig. 3.11.8 show the corresponding XRD

pattens of the B series tapes before and after hot-pressing. The OR tape contained
2201 and other impurity phases. The OR tape had a relatively higher percentage of

phase and other secondary phase than was seen in the HP tapes, indicating that hotpressing technique may enhance the conversion of impurity phases to 2223. The 2212

content was estimated to be 8% with more mixed second phases in the OR sample, whil

the 2212 content in the HP-sc sample with lower impurity content was estimated to b
6%. Texture analysis demonstrated that HP tapes had higher texture than OR tapes.

texture was measured from the XRD patterns, using texture parameters, F2223, define
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F2223

AQOIC/C

looio"*"Iii5 )

{1}

where I( 008 ), I( 0010 ), and I( 115 ) are the heights of the ( 008 ), ( 0010), and ( 115 )
diffraction peaks of the corresponding 2223 phase. According to formula {1}, Fig.
3.11.7 and Fig. 3.11.8, we can calculate texture factor F2223=0.98 and 0.94 for A
HP and OR tapes, F2223=0.95 and 0.93 for B series HP and OR tapes, respectively. It
indicated that HP tapes existed higher texture than OR tapes, the grain alignment
tapes was better than in OR tapes.

A
&

25
30
35
TvAC-Theta (degrees)

Fig. 3.11.7. X-ray patterns (XRD) of three tapes (OR HP-fc and HP-sc) for A
series tapes.
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3

•(/)

c

Two-Theta (degrees)

Fig. 3.11.8. X-ray patterns (XRD) of two tapes (OR and HP-sc) for the B series
tapes.
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(b)
Fig. 3.11.9. S E M image of transverse cross-section of the A series tapes (a)
O R and (b) H P Bi-2223 samples.
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Fig. 3.11.10. SEM image of cross-section of the B series tapes OR and (b) HP
Bi-2223 samples.

Fig. 3.11.11. Micro-cracks in O R Bi-2223/Ag multifilamentary tape.
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(c)

(d)
Fig 3 1112 TEM microstructure in the A series OR tape, there are lots of small
size impurity phase particles (< 1 p m ) (a) < 0.1pm C u O particle,
(b) 04. p m 3221 particles, (c) 0.6 p m C a 2 C u 0 3 particles and (d) <
0.05 p m rich C u impurity series particles
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(a)
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(c)

Fig. 3.11.13. Microstructure in the A series OR tapes, there is little of small
impurity phase particles (> 1 pm), (a) >1 p m C a 2 C u 0 3 , (b) >5 p m
C u O particles and (c) >6 p m 3221 phase particles near C u O

Fig. 3.11.14. T E M image of high density dislocations in O R tapes
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10nm
Fig. 3.11.15. Stack defects in Ag-sheathed Bi-2223 tapes
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Fig. 3.11.16. The bending boundary and cause low-angle boundary due to bend
boundary.
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Fig. 3.11.17. Twin boundary in Bi-2223/Ag tapes.

Fig. 3.11.18. Amorphous patches along small-angle grain boundaries in Bi2223/Ag tapes.
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Fig. 3.11.9 shows S E M images of the transverse cross-section of A series tapes
(a) OR and (b) HP-sc tapes. The HP tapes had a higher core density and better grain

connectivity than was seen in the OR tapes. As can be seen from Fig. 3.11.9 lots of s

black and white particles existed in the OR tape [Fig. 3.11.9 (a)] while the HP-sc ta

was relatively purer [Fig. 3.11.9 (b)]. EDS analysis confirmed that the black parti
were CuO or Cu-rich, non-superconducting particles and the white particles were 3221
particles.
Fig. 3.11.10 shows SEM images of transverse section of B series tapes (a) OR

and (b) HP-sc. These show the same density trend as seen in the A series tapes, ie th
sample has a higher density and better grain connectivity than the OR sample. By

comparing Fig. 3.11.7 and Fig. 3.11.9 with Fig. 3.11.8 and Fig. 3.11.10, we observ

there is little change in the value fraction of impurity phases for the OR tapes in b

and B series samples, but the size of the impurity particles in B series OR tapes, wa
much larger than in A series OR tapes. Although the smaller sized impurity particles
the HP tapes of both A and B series samples were reduced, the larger sized impurity
particles remained unaffected by hot-pressing.
Fig. 3.11.11 shows the micro-cracks in OR Bi-2223/Ag multifilamentary tape,
our microstructure observation indicated that it was also the major reason for

significantly enhancing Jc in tapes that hot-pressing recovering most of the macro- o
micro-cracks in the tapes.
TEM confirms the SEM microstructure observation. In A series OR tapes, there

were many smaller sizes impurity phase particles (< 1 pm) as shown in Fig. 3.11.12: (
< 0.1pm CuO, (b) 0.4 pm 3221, (c) 0.6 pm Ca2Cu03 and (d) < 0.05 pm Cu-rich
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impurity particles. The quantity of these smaller sized impurity particles was lower in
the HP-sc tapes although some larger sized impurity particles were present, as shown
Fig. 3.11.13: (a) CuO >1 pm and (b) >5 pm and (c) >6 pm 3221. It was difficult to
calculate precisely, the density of dislocations, as high density dislocations are
commonly observed in OR samples as shown in Fig. 3.11.14, consistent with previously

work reported[2, 4]. Other defects, such as stacking faults, were also observed in the

tape, as shown in Fig. 3.11.15. The bending boundaries, caused low-angle boundaries to
form, were shown in Fig. 3.11.16. A twin boundary is shown in Fig. 3.11.17 and
amorphous sections along small-angle grain boundaries are shown in Fig. 3.11.18.

3.11.4. Grain connectivity and flux pinning in hot-pressed

tapes

The total Jc depends on both flux pinning and the connectivity of 3-D grain
network in the tapes. Comparing A and B series, for the OR tapes, the total impurity

phases content was nearly the same, but the type of impurities was different. The maj

impurity was 3221 in the A series and mix-second phase particles in the B series. The

value in zero magnetic field was nearly the same for the A and B series, although the

for the B series was slightly higher than seen in the A series, (probably because 22

superconducting at 77K). The core density and the degree of texture in the A series O

tapes was higher than seen in B series tapes, and the fraction of strong link in A se

OR tapes (64%) larger than that seen in the B series (47%). The impurity particles in

A series OR tapes were smaller in size than those in B series OR tapes. The Jc magnet

field characteristics of the A series OR tapes were much better than those seen in th
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series OR tapes. This indicates that the smaller sized impurity particles act as eff
flux pinning centres.
After hot-pressing, the number of impurity phase particles did not change much,

but the core density and texture of the two series were able to be distinguished, th

number of the impurity phases in the two series did not change much, but the zero-fiel
Jc and strong link fractions in both samples increased (Jc from 22,000A/cm2 to
56,800A/cm2 and strong link fractions from 68% to 73% for the A series, and Jc from
26000A/cm2 to 56000A/cm2 and strong link fractions from 47% to 68% for the B series).

The smaller particle size impurity phases in A series was reduced, which although in t
B series were also small in number, did not change so much. It is these, that account

the degraded in Jc properties in magnetic field in the A series tapes and a small chan

in the B series tapes. In the A series, both slow and normal cooling were used after h
pressing, and the zero-field Jc of both HP-fc (54,000A/cm2) and HP-sc (56,800A/cm2)
were nearly the same. The strong link fractions were 42% for the HP-fc tape and 73%

for HP-sc tapes. The Jc-B properties of the HP-sc tape was slightly better than in the
fc tape as shown in Figs. 3.11.1, 3.11.3, 3.11.5 and 3.11.6. This indicates that the
impurities in two samples are the same, but that normal cooling caused more microcracks, especially at the sheath-core interface because of the different expansion
coefficients between metal sheet and ceramic core during cooling. This would

subsequently affect the alignment and connectivity of 2223 grains [22]. In this way,

strong link fraction would be reduced, and so the Jc-B properties of the HP-sc tape wa
slight better than that of the HP-fc tape.

Whether or not the current path in Ag-sheathed Bi-2223 tapes is dominated by

either the "brick wall" [23] or "railway switch" [24] linkages, the dominant experiment
evidence until now, shows that there is a strong positive correlation between a higher

Jc(0T, 77K) and a higher (or absent) kink in the AC (or DC) susceptibility trace [25. 2
Recently, Riley et al [27] proposed a new "freeway" model for current transport in

BSCCO materials, in which intra-colony current transport across high angle c-axis twist
boundaries is invoked to account for the apparent relaxation of the biaxial alignment
criterion for intergranular current flow in HTS materials. An important prediction is
this reduced mosaic spread will optimise transport, and gives a direction for further
improvement of tapes, along with the obvious need to eliminate secondary phases and
porosity. Form Fig. 3.11.1 ( a) and Fig. 3.11.3 ( a), in low field, Jc behaviour lines
moved up much, but in high field, Jc behaviour lines were nearly even cross-over in

before and after hot-pressing tapes. It indicated that hot-pressing chiefly improves g
connectivity. The flux pinning is not improved by hot-pressing because Bi-2223
instinctive properties that the vortex pinning within grain is very small scale. This
difficult to increase flux pinning centre.
Much work on the Jc dependence on non-high Tc or 2212 phase has been done,
such as the relationship between Jc and the percentage of 2212 phase have been
investigated by Dou and Liu [28], and Thurston [29]. These indicate that Jc increases
with decreasing percentage of 2212, Umezawa [30] and Kaneko [31] report
contradictory results, in which Jc decreases with decreasing 2212 phase. Another

contradiction takes place in effect of slow cooling on Jc [12, 32]. These studies repor

contradictory conclusions regarding the effects of impurity particles (such as 3221, m
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second phase particles and 2201 phase) on critical current density in Ag-sheathed Bi-

2223 tapes. Our results indicate that 2212 is superconducting at 77K, and the percenta
of 2212 phase particles do not have much influence on grain connectivity and flux

pinning. However, the fraction and size of impurities, along with 2212 emerge (chemica

composition is 2223, the more 2212 fraction is, the more impurity particles fraction a
play an important role in influencing the grain connectivity and flux pinning, and
subsequently influence the Jc. All non-superconducting impurity phase particles reduce

the current paths and the number of the strongly coupled grain boundaries, however, th
smaller sized impurity particles can act as effective flux pinning centres.
The Jc behaviour in a magnetic field is determined by the flux pinning force Fp.

Fp is a function of elementary flux pinning fp and density of pinning centers cp. Fp = I

VU0 | « IV5, where U0 is the flux pinning energy and \\ is the coherence length. So, th
Jc dependence on the magnetic field is a function of U0 and cp Enhanced U0 was found in

irradiated Bi-2212 crystals from induced columnar defects [33]. Further enhancement of
Jc at 77K in Ag - sheathed Bi-2223 tapes was achieved by fast neutron irradiation [8].

For both irradiation cases, U0 and cp were increased significantly by induced nanometre

size columnar defects, responsible for enhancement of Jc in high magnetic field. Kiuchi
et al [34] have systematically studied the pinning force density and the irreversible

behaviour in Bi-2223 tapes by theoretically calculating and experimentally measuring o

improvement of pinning characteristics in Bi-2223 tapes. They indicated that one of th

candidates for the strong pinning centres are fine normal particles such as the 211 ph

particle in Y-Ba-Cu-O. They calculated the pinning characteristics using the flux-cree
theory when the normal particles were 0.5pm in diameter, and successfully introduced
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up to 2 0 % in volume fraction. In this case Jc at B = 1 T and T=77.3K is estimated as
4.25xl05A/cm2. This was a pinning strength value approx 14 times greater than the

present level. Our results show that small size (<0.5 pm) impurity particles as shown i
Fig. 3.11.12 in the A series OR tapes can act as effective flux pinning centres, large

(>lpm) impurity particles as shown in Fig. 3.11.13 do not act as effective flux pinni
centres and only reduce current flow paths, so A series OR tape has the best Jc-B

properties (Fig. 3.11.1) and strongest flux pinning behaviour (Figs. 3.11.2, 3.11.5 a

3.11.6) than the other samples. Indeed, there are other factors effect flux pinning. An
important one is defects in Bi-based/Ag tapes. It has been reported that mechanical
deformation improves flux pinning in the tapes [7, 19], and was suggested that the
dislocations introduced upon mechanical deformation act as pinning centres. This was
not widely accepted since prolonged sintering, needed after mechanical deformation,
would anneal out these dislocations. It has been shown that the dislocations disappear

from Bi-2212 crystals after annealing at 500°C for 30 min[35]. In contrast to crystals,

has been reported that dislocations exist in tapes even after prolonged sintering [36].
Therefore, the mechanism of formation of such dislocations in tapes must be different
from that for dislocations commonly found in Bi-2212 crystals.
For the effects of hot-pressing on microstructure defects, we suggest that, at high
temperature and high pressure, some defects will be reduced, but some new defects will
be created on reducing the porosity, and some grains will bend, so the total amount of
defects does not changed much. Our TEM observations and some other researcher's
studies [37, 38] have certified this prediction. Grindatto et al [37] have studied the
effects of hot deformation on Bi-2223 Ag-sheathed tapes using TEM and found that hot
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deformation introduced dislocations caused by bending of grains apparently without

generating cracks. They suggested that the significantly increased critical current de
of hot deformed tapes can be explained by the introduction of the observed defect

structures, which act as potential flux pinning centres. Although it is difficult to c
precisely the density of dislocations, our TEM observation shows that high density
dislocations are commonly observed in OR samples as shown in Fig. 3.11.13. Similar

characteristics show in other defects like stack defects as shown in Fig. 3.11.15., th
bending boundary and duo to this to cause low-angle boundaries as shown in Fig.
3.11.16, twin boundary as shown in Fig. 3.11.17 and amorphous patches along small-

angle grain boundaries as shown in Fig. 3.11.18. After hot-pressing, the density of th
defects was reduced, but the quantity of bending boundaries was increased, the total
quantity of these defects did not change much. All these defects are nanometre-sized

radial columnar defects, and act as effective flux pinning centres. Further support fo
can be found in transport and magneto-optical measurements on crystals connected by

low-angle tilt boundaries [39, 40, 41,]. It was found that flux pinning in low-angle t

boundaries are stronger than in the grains. This was ascribed to the defects in the gr

boundaries that act as pinning centres. Low-angle tilt boundaries are strong links and
they conduct current at elevated fields. Recent, HRTEM examinations of Bi-2212/Ag

tapes [42, 43] suggest that low-angle tilt boundaries are formed in the crystals by he
of micro-cracks introduced by cold mechanical deformation.
From the results and discussions above, we have compared the grain connectivity
and flux pinning behaviour of two different samples before and after hot-pressing,
fabricated using different conditions. All impurity phases, micro-crakes and porosity
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were found to reduce the current paths and the number of the strongly coupled grain
boundaries, but small-sized impurity particles acted as effective flux pinning centres.
2212 is superconducting at 77K, and its volume fraction does not much influence grain
connectivity and flux pinning, but the value and size of impurity non-superconducting
particles associated with 2212 play an important role in influencing grain connectivity
and flux pinning, and subsequently influence Jc in Bi-2223 tapes. The hot-pressing
technique primarily improves the grain connectivity and reduces weak links by
increasing the core density, improved crystal alignment, recovered micro-crakes and
reduced secondary phase impurities, but also reduced small-sized impurity particles. It
does not reduce the large-sized impurity particles much. Hot-pressing reduces some
defects, but also causes or increases other defects, so the total amount of defects does
change much, therefore, hot-pressing cause different influence on flux pinning for

different original tapes. These results indicate provide that the limitation of Jc in Bi

tapes is multiple and the direction for further improvement of performance in tapes is to
design new available processes, for example, choose available phase assemble in
precursor powder [44] and heat-treatment [45-47] to eliminate secondary phases
impurity particles, design new structural filament architecture [48] and optimise
mechanical deformation [49] and reaction [45, 50] processing to improve c-axis texture

of Bi-2223 grains, to increase oxide core density or to eliminate porosity and to heal or
recover cracks [51], control processing to improve flux pinning properties of Bi-2223

[52].
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3.11.5 Summary
The hot-pressing technique has been used to prepare Ag-sheathed Bi-2223 tapes
to improve grain connectivity in Ag-sheathed Bi-2223 tapes. The self-field Jc after hotpressing was significantly enhanced, increasing to two times previous. However, Jc in an
applied magnetic field was not improved at IT retinted 33% for the before hot-pressing

and 23% for the after hot-pressing. A slow-cool heat-treatment after hot-pressing slig
improved flux pinning. Comparative microstructural and electromagnetic characteristic
show that hot-pressing chiefly improves grain connectivity and reduces the number of
weak links from increased the core density, improved grain texture, recovered microcrakes and reduced secondary phase impurities, but at the same time, it reduced smallsized impurities, and did not reduced the large-size impurity particles. Hot-pressing
reduces some defects, but causes or increases other defects, so the total amount of
defects does not change much, therefore, hot-pressing cause different influence on flux
pinning for different original tapes. These results demonstrate that all nonsuperconducting, micro-crakes and pores reduce the current paths and the number of the
strongly-coupled grain boundaries, but small-size impurity particles increase effective
flux pinning centres. 2212 itself is superconducting at 77K, the 2212 fraction does not
influence much grain connectivity and flux pinning, but the amount and size of
impurities associated with the 2212 play an importance role in influencing grain

connectivity and flux pinning in Bi-2223 tapes. These results provide that limitation o
in Bi-2223 tapes is multiple and possibility of further improvement of Jc is great.
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PART IV

SUMMARY AND CONCLUSIONS
The large number of experiments described in this thesis were carried out in
order to understand and explore the complex materials issues needed to improve the
thermo-mechanical processing, microstructure and electromagnetic properties in the Bi2223 tapes. From understanding of the complicated phase equilibrium, microstructure
and multiple current limitation mechanism has been achieved, and a number of new
techniques have been developed.
The homogeneity in multifilamentary PIT tapes was strongly dependent on the
aspect ratio. This, in turn, was strongly dependent on the deformation and intermediate
deformation used. The homogeneity was optimised by using a technique, in which the
reduction-per-pass was selectively increased during rolling, with a result that the stress
in the tape was more uniform. This reduction procedure improved both the transverse
and longitudinalfilamentaryhomogeneity, and reduced the sausaging effect.
The Pb distribution in the precursor powder had an important role on the Bi-2223
formation kinetics and J, It was found that the precursor powder containing 72.5% Pb in
2212 showed the highest Jc with the shortest sintering time.
Cold-working during the deformation process improved the texturing of Bi-2212
grains in the Bi-2223 precursor powder. During the subsequent heat treatment, Bi-2212
rapidly formed via a melt growth mechanism with strong texture. Bi-2223 formed on the
Bi-2212 grain surface, with the Bi-2223 phase texture largely inherited from the Bi-2212
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texture. Bi-2223 texture showed a small increase after the intermediate deformation and

subsequent heat treatment stages. In multifilamentary tapes, the Bi-2223 phase fo
and texture was faster than that in single filamentary tape.

Work carried out in this thesis indicated that, during the whole heat treatment, t
liquid phase plays an important role in Bi-2223 formation and texturing. Careful

optimisation was needed during the final processing stage in order to maximise the

liquid phase conversion to form a high Bi-2223 volume fraction and high Jc. In ord
determine the phase composition and residual liquid transformation, a two-step

procedure, and quench as well as normal cooling technique were used from different

annealing temperatures. The optimal temperature regime for converting liquid phas

Bi-2223 was 825°C At this temperature, liquid phase is present and Bi-2223 is stil
thermodynamically stable. Above 825°C, Bi-2223 coexists with liquid, Bi-2201 and
other secondary phases, with the volume fraction of liquid phase increasing with

increasing temperature. Below the Bi-2223 thermal stability range, liquid phase is
transformed mainly into Bi-2212. At temperatures below 800°C, liquid phase is
converted into an amorphous phase, which in turn converts to Bi(Pb)-3221. In this
temperature range, Bi-2223 also decomposes into Bi(Pb)-3221. The residual liquid
has a significant influence on grain connectivity.
Based on the understanding of Bi-2223 phase formation from this work, a new

method of intermediate quenching to substantially reduce the processing time of Ag

sheathed Bi-2223 tapes was proposed and investigated. The results obtained from th

work indicate that the total sintering time for Ag/Bi-2223 tapes can be reduced t
by using intermediate quenching followed by a rapid heating procedure.
The effect on the phase formation of Bi-2223 in some Ag-alloy sheathed tapes

has also been studied. It was found that even very small alloying elemental additi
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caused a significant change in the microstructure of the oxide core, and in the phase
formation kinetics of Bi-2223. In multifilamentary tapes, composed of an inner A g
sheath and outer alloy sheath, there was a m u c h smaller effect in the phase formation of
Bi-2223 w h e n compared to tapes with an A g sheath. S E M analysis showed the presence
of an oxidised alloyed element layer. The degradation in Jc resulted from the reduced Bi2223 phase formation in these tapes.
A n e w structural powder/wire-in-tube tape with an increased Ag/oxide core
interface area w a s fabricated in order to improve performance. A n e w concept of
periphery length of Ag/superconductor interface per cross-section unit area in PIT tapes
was introduced. The dependence on this property in several tapes was compared. It was
found that the Jc of P W I T tape increased 3 8 % and Je of P W I T tape increased 5 7 %
compared to normal PIT tapes. In P W I T tapes, the interfacial region between the A g
sheath and the oxide core was increased, resulting in a higher density, a lower volume
fraction of secondary phases and well-aligned Bi-2223 grains. This is believed to be
responsible for the observed high Jc and good Jc-B behaviour. The P W I T tapes had a
superior bend strain tolerance when compared with other PIT tapes, despite having a
higher fill factor.
The controlled intermediate quenching technique and its effect on microstructure
and critical current density in 69-filament Bi-2223 / A g tapes w a s investigated.
Comparison of normal and C I Q tapes shows that the latter has a smaller impurity
particle size and quantity, in contrast to the former. Also, grain texture was higher in
C I Q tapes, which lead to an increase in Jc = 63,000A/cm 2 for a 69-filament C I Q tape. It
is proposed that the C I Q process leads to anionic non-stoichiometry from oxygen
deficiency after thefirstsinter stage which can improve the tape flux pinning. The C I Q
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process avoids impurity phases formation. Also, the C I Q process allows any liquid
phase present to heal micro-cracks during the second sintering cycle.
In order to improve the connectivity of Bi-2223 grains, a hot-pressing technique
was used. It was found that the self-field Jc after hot-pressing was significantly
enhanced. However, Jc in an applied magnetic field was not improved. The best Jc
retention at IT was 33% for the before hot-pressed tapes and 23% for the after hot-

pressed tapes. A slow-cool heat-treatment after hot-pressing slightly improved the f

pinning. Comparative microstructural and electromagnetic characterisation showed tha
hot-pressing chiefly improved grain connectivity.
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